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SUMMARY 


In this report vehicle use patterns or missions are defined and 
studied. The three most promising missions were found to be 


Mission 

A All-purpose City Driving 
BB Commuting 

C Family & Civic Business 


Primary Reason for Selection 

Maximum potential market 
penetration 

Two-passenger car* 

Minimal range requirements 


The mission selection process was based principally on an analysis 
of the travel patterns found in the Nationwide Transportation 
Survey {Reference 4) and on the Los Angeles and Washington , D.C. 
origin-destination studies data presented by General Research 
Corporation in Volume II of this report. Travel patterns in turn 
were converted to fuel requirements for 1985 conventional and 
hybrid cars. By this means the potential fuel savings for each 
mission were estimated, and preliminary design requirements for 
hybrid vehicles were derived. 


♦Does not meet JPL constraints. 
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DISCUSSION AND INTERPRETATION 


The objective of Phase I of the Near Term Hybrid Passenger Vehicle 
Program is to design a hybrid passenger vehicle which has the 
maximum potential for reducing petroleum consumption in the near 
future , and to specify the missions for which the vehicle is to 
be used. This last is called the "Mission Analysis." Obviously 
the mission analysis and vehicle design are almost inseparable, 
as the choice of the best vehicle depends on its mission, and the 
mission depends on the vehicle to be used. 

For this reason the present report must be viewed, to some extent, 
as preliminary. More definitive results can only be achieved 
once the conclusions of the Design Trade-off Studies and Sensi- 
tivity Analyses -which are now in progress and scheduled for 
completion in mid-year —become available and are fully integrated 
into the study. The mission analysis presented here gives mission 
requirements as intended, but the interpretation of these require- 
ments can only be fully accomplished in the light of hybrid 
vehicle design capabilities and costs. 

Conceptually, in mathematical parlance, the study is in effect a 
constrained optimization problem. The objective function to be 
minimized is petroleum consumption and the constraints, defined 
at length by JPL in Reference 1, concern the minimal levels of 
passenger capacity, performance, comfort, safety and public 
acceptability. These constraints are so tight that for some 
otherwise promising missions either no -feasible solution will 
exist or the solution will be non-optimal. Our general approach 
has been to emphasize the optimal constrained solution, but also 
to consider what may happen if the constraints are relaxed. 

The phrase "maximum potential for reducing petroleum consumption" 
implies both how much fuel could be saved (a question amenable to 
analysis) and how much fuel will be saved (which in part must 
remain a question of judgment) . The first refers to the fuel that 
would be saved if a certain type of hybrid passenger vehicle (HPV) 
were to take over a certain portion of the auto market. The 
second must also consider the likelihood that the HPV will, in 
fact, achieve a certain level of customer acceptance. 

In this report we estimate the potential fuel savings, given a 
certain level of customer acceptance. We hope to have more to 
say about the acceptance level when the characteristics of actual 


1 


si ns (particularly cost, reliability and performance) 
mure closely identified. 

th t the vehicle meets the performance and comfort levels 
led by JPL and the range and reliability requirements 
ird by the mission, engineering and design analyses, the 
ri bie in determining acceptability will be cost. Cost must 
erpreted in the very broadest sense and must be related 
i >cial and economic circumstances which may obtain in, say, 
rivd from 1985 to 2000. Future circumstances which deter- 
he background of studies are often called "scenarios.” 
f .he more obvious scenarios are 

. The price of gasoline and diesel fuel reaches what today 
would be considered astronomical levels, say $10 per 
gallon. 

. Gasoline is rationed or becomes totally unavailable 

except to certain sectors of the population (for example, 
doctors) . 

. Each family is restricted to one car, or there is some 
other method of car rationing. 

f ;hese possibilities should be rejected out of hand. The 
.ii j that is certain about the future is that it will be 
ent. It may be radically different. 

study, however, we consider a scenario much like the 
t. It includes only the relatively minor variations speci- 
y 'PL _n Reference 1. We believe, nevertheless, that it is 
ant to keep radically different circumstances in view. A 
hi -:h takes into account only one possibility cannot be 

tf 
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MISSION DEFINITION 


As requested by JPL, our study is based on the concept of a 
mission, defined as "the required use pattern of a vehicle.” We 
shall amplify and interpret this definition and shall describe 
our approach for selecting preferred missions. 

The basic idea of the analysis by missions is, of course, to 
uncover and define some subset of the automobile market particu- 
larly suited to hybrid vehicles. A better name for it would Le 
"market analysis.” It goes without saying that missions do not 
provide the only way to subdivide the market. Much more commonly 
one thinks of automobile types, such as station wagons, family 
sedans or sports cars, or of customer characteristics, such as 
young "swingers,” suburban middle income family heads of house- 
hold, and so on. One can also characterize market sectors by 
engineering performance characteristics — as is done, for example, 
by Friedman (Reference 2), who classifies cars by their weight to 
power ratio — and in any number of other ways . 

We must plan to integrate the results and methods of all approaches 
to automobile market analysis with our mission analysis, whenever 
possible. There are several excellent reasons, however, for 
making the missions approach our central theme. 

1. It was specifically requested by JPL (Reference 1) . 

2. The best available statistics relating to auto travel 
have been broken down by trip purpose and, therefore, by 
mission. 

3. Missions can be combined into new missions in a systematic 
and organized manner. 

Surber and Deshpande (Reference 3) define missions as combinations 
of trip purposes. Trip purposes, in turn, are defined by enumera- 
tion by the U.S. Department of Transportation, Federal Highway 
Administration (FHWA) , in Reference 4. Table 1 lists trip purposes 
and presents some preliminary notions of their characteristics. 


Items 1 through 4 in Table 1 are the major trip purpose categories. 
We have broken out Item 5 -a subtopic of Item 4 in the FHWA study - 
as a separate category because of its unique requirements. 
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Table 1. Trip Purposes and Their Attribut 



The range requirement numbers in Table 1 are essentially illustra- 
tive. Actual range distributions are calculated later in this 
analysis. 

Initially it is unnecessary# and probably unwise# to categorize 
missions too rigidly. We know that any ultimately selected mission 
is some combination of the five items of Table 1. Our method is# 
therefore# to make detailed requirements and trade-off studies for 
each of the five trip purposes of Table 1# and then to sort the 
results into missions. However, we list here some sample missions 
in order to illustrate the mission concept further: 


Mission SI 

Mission 32 
Mission S3 
Mission S4 
Mission S5 


All-purpose family travel. This includes Trip 
Purposes 1 through 5. 

Commuting to work. Trip Purpose 1. 

Family business I. Trip Purposes 2 and 3. 

Family business II. Trip Purposes, 2, 3 and 4. 

Commuter and family business. Trip Purposes 1 
through 4. 


No one would claim that a person who purchases a car for a particu 
lar mission, say S2, will never use that car for other purposes. 
Rather# the idea is to proceed as if the customer thinks primarily 
of Mission S2 to provide him with the optimal car. We will then 
judge the market penetration and the petroleum savings attainable# 
and modify our results by making allowance for the fact that the 
car will be used for other missions as well. 


Conceptually a mission may be defined by 


S. 

l 


l a. . T. 

j 13 J 


( 1 ) 


where S. 
for Trip 
which 


is some attribute of Mission i# T. is the same attribute 
Purpose j, and a. . is a set of weighting factors, for 


0 < a . . < 1 and I a , . = 1 
“ 13 “ j 13 


This is, 


in general, the method used in the following sections. 
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METHODOLOGY 


In accordance with Subtasks 1.1 through 1.3 of the Minicars 
Proposal to JPL (Reference 5) , we will begin by calculating the 
amount of fuel (petroleum) which will be used to accomplish Trip 
Purposes 1 through 5. These calculations will be made for a 
variety of vehicles, including the conventional cars of the 1985 
fleet (specified by JPL, Reference 6), a reference vehicle 
representative of the conventional car(s) which a hybrid vehicle 
might replace, and a set of hybrid vehicles of varying electric 
range. From these data we will calculate the total petroleum 
saved when hybrid vehicles replace conventional vehicles. The 
figures for the total petroleum saved tell us how much petroleum 
is saved when all vehicles (the entire fleet) engaged in a given 
trip purpose are replaced by hybrid vehicles. That is, it tells 
us the "maximum potential fuel saving." If this value is not 
substantial, there is no use in going further. 

The calculations of fuel saved by replacing a set of reference 
vehicles by hybrids provide a more reasonable, and lower, value. 
This value is more nearly representative of what might be 
accomplished in reality, for the hybrid is assumed to replace 
only a targeted portion of all cars. The procedure will be 
repeated for each trip purpose, and the trip purposes then combined 
into missions. The end result is the determination of a (small) 
set of preferred missions and the characteristics of the car best 
suited to each. 

The principal characteristic at this stage of the study is electric 
range. Some missions will not require as much electric range as 
others, and, since range is so critical for vehicles with electric 
propulsion systems, it should be possible to isolate these missions 
and design a vehicle to fit them. Our study shows that these ideas 
are sound. 

This methodology can be conveniently divided into two tasks: 
first, the distribution of daily travel is determined for each 
trip purpose; second, the corresponding amount of fuel used is 
calculated for both conventional and hybrid vehicles. These 
analyses are presented in the next two sections of this report. 
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DAILY TRAVEL DISTANCE DISTRIBUTION 


The distribution of the daily travel distances may be obtained 
either by combining the distribution of trip length with that of 
daily trip frequencies/ or directly from origin destination 
surveys/ as was done by General Research/ Volume II of this study. 

Trip length distributions for Trip Purposes 1 through 4 are shown 
in Figure 1 . The figure demonstrates that the distributions of 
Trip Purposes 2 and 3 are nearly the same/ as are those of 1 and 
4. 

Figure 1 also shows that the functional forms of the distributions 
for various travel purposes are closely similar, although, of 
course, the parameters differ. This is confirmed in Table 2. If, 
for brevity, we call the 99th percentile the longest trip, we 
observe from Table 2 that, for all trip purposes, 

a. Seventy-five percent of all trips are shorter than 0.2 
times the longest trip. 

b. The longest trip is 5 times the average trip, and thus 
75 percent of all trips are shorter than the average 
trip. 

For vacation travel no distribution data -only the average dis- 
tance traveled — have yet been found. Accordingly, the last column 
of Table 2 shows an estimate of the distribution of vacation 
travel distances. This estimate was made under the assumption 
that the distribution's functional form follows that of the other 
four trip purposes. The results appear to be reasonable. Of 
course, many of the longer trips will take more than one day. 

We next consider the questions of trip frequency and daily travel. 
For trips to work, there are almost always two trips per day, five 
days a week, and no trips the other two days. It seems reasonable 
to assume that each commuter travels the same distance to work 
each day during a particular week, and that things do not change 
drastically from one week to the next. The average number of 
commuter trips per driver per day on this mission is thus 
10/7 = 1.42, which checks the value given in Reference 4. The 
distribution of daily travel for this mission is thus easily 
found by multiplying trip length distributions by 2. The results 
are presented in Table 3. It appears, for example, that 95 percent 
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Source: Nationwide 
Personal Transportation 
Survey 

+ AVERAGE VALUES 
TRIP PURPOSE: 

0 COMMUTING 
0 FAMILY BUSINESS 
0 CIVIC 
0 SOCIAL 


TRIP LENGTH (km) 


Figure 1. Distribution of Trip Length 
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Table 2. Further Analysis of Trip Length Distributions 
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F(x) denotes the distribution function. 


Table 3. Distribution of Daily Range 
Requirements (Commuter Trips) 


x ■ km/ day 

P(x) 

F(x) 

8.4 

0.52 

0.52 

25 

0.22 

0.74 

40 

0.09 

0.83 

58 

0.06 

0.89 

75 

0.05 

0.94 

92 

0.01 

0.95 

108 

0.01 

0.96 

126 

0.01 

0.97 

142 

0.01 

0.98 

158 

0.01 

0.99 


of all commuters drive a distance of 92 km or less each working 
day, and that the probability that the total commuting distance 
is somewhere between 25 and 40 km is 0.09. 

For Trip Purposes 2 through 5, the trip frequency will behave 
more nearly like a random variable. Trip frequencies are avail- 
able from General Research Corporation (Volume II) but are not 
relative to missions as we define them. They are commpnly 
assumed to be Poisson distributed (Reference 7), and this is also 
the method which we use initially to investigate them. As 
Appendix A shows, however, this is only a relatively crude 
approximation to actual trip behavior. In subsequent sensitivity 
analyses we will examine more complex models if it is judged 
that their inclusion will affect the overall study results. 

Daily range distributions for all passenger travel were calculated 
by Schwartz (Reference 7) under the assumption of an annual travel 
of 16,386 km per year per car and an average daily trip length of 
14.3 km, which yields an average of 3.14 trips and 45 km per day. 
His results are presented in Figure 2. 
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Distribution of Daily Driving Distance 


Actual as opposad to calculated dally range distributions were 
obtained by General Research Corporation* (Volume II) from 
Washington and Los Angeles origin-destination surveys. These 
data are also shown in Figure 2. As the figure indicates , GRC 
results are in reasonable agreement with Schwartz' calculations/ 
although a more detailed analysis, presented in Appendix A, shows 
that the Poisson assumption is only a very approximate fit to the 
data. Note that the GRC results do not include trips with desti- 
nations outside the metropolitan area. This may account in part 
for the relatively high proportion of short trips shown by the 
Washington data. 

Unfortunately, there is no data set which breaks down the daily 
range requirements by mission. Accordingly, such data have to 
be estimated by a theoretical model, such as that of Volume II of 
this study. A Monte Carlo routine which combines trip length and 
trip frequency distributions has been developed earlier by GRC. 
This is described in Reference 8 and will be used by us as 
required. Analysis shows, however, that computer results can be 
estimated with sufficient accuracy by means of empirical approxi- 
mations. Note that we are approximating computer simulation 
results which themselves are only approximations to reality. At 
this stage we conjecture, therefore, that our empirical results 
are just as good or bad as those of the Monte Carlo simulations. 
Only further studies will determine if this is in fact so. 

Schwartz (Reference 7) used his computer results to derive the 
formula : 


R - . 0077A + 2.83 , (2) 

where R is the daily range in miles at the 95th percentile, and 
A is the average annual travel in miles. This can be rewritten 

r * 2.8 a + 4.5 , (3) 

where a is the average daily range and r is the 95th percentile 
range, both in kilometers. For some purposes it is instructive 
to rewrite Equation 3 as 

r - 2.8 LX + 4.5 , (4) 


*To the best of our knowledge, these are the first such data 
available. 
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where L is the average daily trip length, typically 10 or 20 km, 
and X is the mean daily trip frequency, typically three or four 
trips, when all daily trips are taken into account. 

Equation 3 corresponds closely to the rule of thumb we suggested 
(see Table 2) about trip length distributions — that the 95th per- 
centile is about three times the average. It appears, in fact, 
that the daily range distribution is similar in form to the trip 
length distributions shown in Figure 1 and Table 2. As already 
noted, this form may be approximately characterized as follows: 

Percentile 75 90 95 99 

Multiple of average 

value 12 3 5 

For example, 75 percent of all daily driving is shorter than the 
average value, and 90 percent is shorter than twice the average. 
Recall that under Schwartz' assumptions, the average daily driving 
distance is 45 km and compare with Figure 2. 

The above suggests that the daily range distribution can be 
approximated by multiplying the trip distribution by the mean 
trip frequency, as shown in Table 4. 


Table 4. Estimated Daily Driving Range 
Distribution (All Trips) 


[1] 

[2] 

[3] 

Trip Length 
Interval (miles) 

X[l] 

[2]/. 62 

X 1 X 2 

(A ■ 3.14) P(x) F(x) 

(km) 


0 

5 

0-15.7 

54.1 

54.1 

25 

5 

9 

15.7-28.2 

19.6 

73.0 

45 

10 

15 

28.2-47 

13.8 

87.5 

76 

16 

20 

47-63 

4.3 

91.8 

102 

21 

30 

63-94 

4.0 

95.8 

152 

31 

40 

94-126 

1.6 

97.4 

203 

41 

50 

126-157 

.8 

98.2 

253 

51 

99 

157-311 

1.0 

99.2 

501 
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The results of Table 4 are plotted in Figure 2. The agreement 
with other data encourages us to adopt this simple procedure for 
the present. As appropriate , Monte Carlo and other computer 
studies will be made in subsequent sensitivity analyses and 
trade-off studies to further refine the results of this section. 

Having established the necessary methodology , we return to the 
question of calculating daily driving range requirements for the 
remaining trip purposes. Toward this end, consider Table 5, 
which introduces candidate missions. 

In Table 5 we took as given the total yearly travel of 19,073 km 
(from Volume II), the fraction of travel according to trip 
purpose, and the average trip length (from Reference 4). The 
remaining numbers were then calculated. For example, 24.2 per- 
cent (4635 km) of all travel (19,073 km) is family business. 

This corresponds to 1.47 trips (12.7 km) per day. The numbers 
in this table differ slightly from those of previous sections 
because a different (1985) annual travel distance is assumed. 

We have combined Trip Purposes 2 and 3 into Mission C because of 
the similarity of range and passenger capacity requirements. The 
implications of Table 5 can be further explained by means of 
Figure 3. The figure suggests that Mission C definitely deserves 
consideration because its range requirements appear to be sub- 
stantially lower than those of general city driving. 

At first glance, it appears that Mission C should be combined 
with Mission D (social and recreational driving) into Mission CD. 
However, this is deceptive. As Table 5 shows, social and recrea- 
tional driving occurs relatively infrequently (X * 0.81), but, 
when it does, longer distances (L m 19.6) will be involved. From 
the prospective buyer's point of view, the conditional probability 
is the crucial number “that is, the conditional probability of 
driving a longer distance given that a Mission D trip is planned 
for that day. This distinction will be further discussed in 
Appendix A. 

If anything, Mission D should be combined with Mission B (commut- 
ing) . However, the requirements for this combined mission are in 
effect nearly the same as those for Mission A (city driving) . 

Hence BD can be replaced by A. We therefore eliminate the combi- 
nations CD and BD from further consideration. Mission B is, 
however, a worthwhile candidate as a separate mission, for a 
large portion of the commuter market could be served by a two- 
passenger car. This is seen in Table 6 (from Referenced). 
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Table 6. Distribution of Automobile Occupancy by 
Trip Purpose (Percentiles) 


Trip Purpose 


Number of Occupants 
12 3 4 


1 

Commuting 

73.2 

18.4 

4.5 

1.8 

2 

Family Business 

44.4 

33.0 

12.0 

5.4 

3 

Civic 

33.7 

26.5 

15.8 

10.8 

4 

Soc. & Rec. 

50.9 

27.3 

9.9 

5.7 


However, it seems unreasonable for the commuter car to be used 
only to travel back and forth to work. Some allowance must be 
made, for instance, for shopping, meals and after-work socializ- 
ing. We therefore assume, in calculating the fuel savings in the 
next section, that an augmented commute to work mission (call it 
BB) includes three 10 km (based on the average distance driven in 
Mission C) lunchtime or after-work tripe per week, in addition to 
the commuting distance. 

In summary, we have identified three missions as prime candidates 
for further study: 


Mission 


Primary Reason for Selection 


A All-purpcse City Driving 
BB Commuting 

C Family & Civic Business 


Maximum potential market 
penetration 

Two-passenger car 

Minimal range requirements 


The optimal HPV for Missions A and C can be designed, subject to 
all the constraints specified by JPL. The principal difference 
between the two is that Mission C will have lower range require- 
ments. The optimal HPV for Mission BB does not meet the constraint 
which specifies a five-passenger vehicle. We include it, never- 
theless, so that we have the background information available and 
so that JPL has the opportunity of evaluating its possible merit. 
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POTENTIAL PETROLEUM SAVINGS - GENERAL OVERVIEW 


It remains to convert driving range requirements to estimates of 
fuel consumed and potential fuel savings. This will first be 
done here approximately, under a number of simplifying assump- 
tions, and then more rigorously in the next section, using the 
commuter mission (BB) as an example. Further detailed analyses 
will be performed as part of the HPV Trade-off Studies and 
Sensitivity Analyses later in the HPV program. 

In this section we assume that the fuel used is proportional to 
the distance driven. This assumption is only an approximation. 
Shorter trips have poorer fuel economy. We also assume that the 
hybrid vehicle always runs on electricity until its battery 
reserve limit is reached. Thereafter it runs on the heat engine 
only. Both of these assumptions are retained not only because 
they make the calculations much simpler, but also because they 
are conservative. They underestimate the potential HPV savings. 
This can be seer, ry comparing Figure 4 with Figure 9 (page 29) . 

Given these assumptions, the fraction of fuel saved by the HPV 
can be immediately estimated from the mission range distribution. 
Let x be the distance of the "longest" trip for a particular 
purpose, so that F(x ) =1, where F(x) is the distribution func- 
tion of daily driving distance. Select a set of intermediate 
values x. such that 0 <_ x. <_ x , i = 0,1,2,... .n. Then the frac- 
tion of all driving done in the electric mode on a given day by 

a hybrid vehicle of electric range x is 

m 


G (x ) = 
m 


1 m 

- £ (x.+ x. )P(x.)+x fl - F (x )"] 

2 1=0 1 1 m L m J 

r £ (x. + x. )P(x. ) 

2 /r* i i-l i 


where 


P (x. ) = F (x. ) - F (x. , ) 
l i i-l 


The approximation, under the stated assumptions, can be made to 
an arbitrary accuracy by selecting a sufficient number of points 
x^. A minor problem arises in that the long and uncertain tails 
of the range distribution make it difficult to select the 
"longest" range x^. This does not contribute a significant error. 
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FRACTION OF FUEL USED 


The first term of Equation 5 represents the fraction of all travel 
which electric vehicles of range x m could drive. Equation 5 was 
used to calculate the results of Figure 4. The figure shows, for 
example, that if all Mission C trips were made by hybrid vehicles 
having a 30 km electric range, only 12 percent of the petroleum 
now used on this mission would be expended. The corresponding 
figures for Missions B and A are 35 percent and 50 percent, 
respectively. As the figure shews, the reduction of petroleum 
consumption for all city driving (Mission A) to 25 percent of its 
present value would require a fleet of hybrid vehicles of 65 km 
electric range or a fleet of all-electric vehicles of 140 km range 
Which vehicle is easier to design, build and market? The design, 
trade-off and cost studies planned for the coming months will 
help shed some light on this and a host of similar questions. 


If- 

\YOn\ 


HYBRID VEHICLES 

ELECTRIC VEHICLES 

A CITY DRIVING 
B COMMUTING 
C FAMILY & CIVIC 



VEHICLE ELECTRIC RANGE (km) 


Figure 4. Petroleum Used as a Function of Electric Range 
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POTENTIAL PETROLEUM SAVINGS - DETAILED 
EXAMPLE MISSION BB 


In order to calculate potential fuel (petroleum) savings in more 
detail, we now combine the distribution of trip lengths with the 
data on expected petroleum economy of the 1985 new vehicle fleet 
and with the driving cycle combination for the evaluation of 
petroleum economy. The fuel (petroleum) economy data are contained 
in Table C-l of Reference 6, and the driving cycle combination is 
in Appendix B of this report. Figure 5 is a plot of the expected 
petroleum consumption of 1985 new cars as a function of trip 
length. These data are broken down into the five classes used in 
Reference 6: small, subcompact, compact, full size and large. 

The data take into account the effects on warm-up of the engine 
and car on ^uel economy and the distribution of types of driving 
and average speed (Driving Cycles) as a function of trip length 
as discussed in Appendix B. 

The reference vehicle plot is also shown in Figure 5. This 
vehicle represents the class of vehicles that the proposed 
hybrid will be able to replace. The reference vehicle is an 
average of the compact and full size cars. This class was 
selected primarily on the basis of size. Since the proposed 
hybrid will be a five-passenger car, it will be too small to ful- 
fill the requirements of a six-passenger vehicle, and it will 
also be much larger and heavier than a small or subcompact car . 

The reference vehicle will be used as one standard of comparison 
in assessing the petroleum savings of the hybrid. 

Figure 6 is a re-plot of the data in Figure 5, showing the rela- 
tive fuel economies as a function of trip length and the varia- 
tions of relative economy with vehicle size. The relative 
economy 1.0 on the vertical scale is the Federal Highway Driving 
Cycle Fuel Economy for the particular size vehicle. The highway 
economies are 11.2 km per liter for the large vehicle, 20.2 km 
per liter for the small vehicle, and 14.3 km per liter for the 
reference vehicle. This plot shows that, over a wide range of 
trip lengths, particularly trips between 5 and 40 km, there are 
differences in the warm-up rates of small and large cars. Again 
the reference vehicle falls in the middle of the spread. 


The data in both Figures 5 and 6 are shown for a 20°C ambient 
temperature. Other temperatures would change these numbers 
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Figure 5. Fuel (Petroleum) Economy - 
1985 New Cars 

21 




RELATIVE ECONOMY 



Figure 6. Relative Fuel (Petroleum) Economy - 
Effect of Short Trips 
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because of the effects of warm-up, but these data serve to illus- 
trate the overall effects of petroleum consumption as a function 
of trip length and vehicle size. The effect of ambient tempera- 
ture is discussed in detail in Appendix B and will be further 
examined in the forthcoming Sensitivity Analyses and Trade-off 
Studies. 

Table 7 takes the petroleum consumption data from Figure 5 and 
combines it with the trip length distribution from Table 2 to 
give us the consumption of petroleum for each size car for each 
decile of trip length for a Mission BB use. In the last column 
of the table the data for the individual vehicle sizes are com- 
bined and weighted by the expected composition of the 1985 new 
vehicle fleet (from Reference 6) to give values for the combined 
1985 new vehicle fleet. We now are in a position to calculate 
the expected value of petroleum economy for any of the car types 
shown in Table 7. 

We next calculate a similar set of results for hybrid vehicles. 
Figure 7 shows the fuel usage of a proposed hybrid vehxcle as a 
function of the distance traveled since the last battery charge. 
These preliminary calculations cover electric ranges between 
10 and 40 km. In order to gain this data, we assumed that the 
hybrid runs in an all-electric mode until the battery reserve 
limit is reached, and thereafter operates on all-heat engine 
power. The particular vehicle shown here has a 50 kW turbo- 
charged diesel engine and a 22 kW electric motor with varying 
battery capacities to give the different ranges. The loaded 
vehicle weights vary between 1600 and 1900 kg for the various 
battery capacities. 

The data in Figure 7 show that not only is there a reduction in 
petroleum usage with longer electric range for the hybrid vehicle, 
but also there is a lower rate of petroleum usage by the hybrid 
vehicle when the diesel engine is in use (compared to the 
petroleum consumption of the reference vehicle) . '’’’lis is a 

result of the outstanding petroleum economy of the turbocharged 
diesel engine, which, if run at the same weight as the reference 
vehicle (without the weight of the batteries and motor of the 
hybrid vehicle) , would use about 60 percent as much petroleum as 
the gasoline engine reference vehicle. However, such a vehicle 
would not have the acceleration potential either of the reference 
vehicle or of the hybrid, which can use both diesel and electric 
power for maximum acceleration. 


1985 Distribution of Fuel Economy - Commuter Trips 



24 







Figure 8 shows the same data as Figure 7 , but replotted to show 
petroleum savings for the hybrid for the electric ranges of 10, 

20, 30 and 40 km. As in all of the cases discussed here, both 
conventional and hybrid, the driving cycle combinations described 
in Appendix B are used to evaluate petroleum and electric energy 
consumption. Figure 7 shows that, despite the extra battery 
weight, the longer all-electric range will yield greater petroleum 
savings to distances far beyond the 125 km shown on the graph. 

(At a distance of about 200 km the petroleum consumption of all 
four hybrid vehicles will essentially be equal.) 

Table 8 combines the petroleum consumption of the reference 
vehicle from Figure 5 and Table 7 with the petroleum consumption 
of the hybrid vehicle with different all-electric ranges from 
Figure 7 into weekly petroleum usage for Mission BB. In addition 
to the home-to-work distance traveled twice a day, we also assume 
three 10 km lunch time and shopping trips per week. To find the 
total petroleum usage for the reference vehicle, it is only 
necessary to add the petroleum consumed in ten home-to-work trips 
and three 10 km trips. For the hybrid, petroleum consumption is 
determined by the daily distance traveled between battery 
recharges. We have assumed that on two days a week the vehicle 
travels twice the home-to-work distance of the particular decile, 
and on the other three days it travels twice the home-to-work 
distance plus 10 km. For each of the average trip length deciles 
Table 8 shows the petroleum consumed by the reference vehicle, 
the 1985 weighted new vehicle fleet, and the hybrid with 10, 20, 

30 and 40 km all-electric ranges. When the data on weekly 
petroleum consumption for the 1985 new car fleet are compared to 
the hybrid petroleum consumption and the result is weighted for 
the distribution of different trip lengths, we obtain the plot 
shown in Figure 9. This plot gives us the fraction of petroleum 
used by the hybrid vehicle with different all-electric ranges 
compared to the petroleum used by the average of the 1985 new 
venicle fleet, when both are engaged in Mission BB use. Figure 9, 
therefore, tells us the savings for each car in the 1985 fleet 
which is replaced by an HPV. These results must now be scaled 
by the number of cars engaged in the mission in order to obtain 
the total fuel savings. 

We plan to make similar calculations for Missions A and C (see 
the previous section) and thus, with the aid of the Sensitivity 
Analyses and Trade-off Studies, to identify the "optimal" combi- 
nation of vehicle and mission. 
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Figure 8. HPV Fuel (Petroleum) Savings Relative to Reference Vehicle 


Fuel Consumption _ Commuter Trips 



HPV ELECTRIC RANGE (km) 


Figure 9 


Fuel (Petroleum) Used by Hybrid Vehicle As 
A Fraction of That Used by An Average 1985 
New Vehicle — Mission BB 



VEHICLE PERFORMANCE SPECIFICATIONS 


PI Minimum Non-Ref ueled Range 



Pl.l 

FHDC 



500 km 


PI. 2 

FUDC 



385 km 


PI. 3 

J227a (B) 



350 km 

P2 

Cruise Speed 



110 km/h 

P3 

Maximum Speed 





P3.1 

Maximum speed 



170 km/h 


P3.2 

Length of time maximum speed can 
be maintained on level road 

5 min. 

P4 

Accelerations 





P4.1 

0-50 km/h (0-30 

mph' 


6.0 sec 


F4.2 

0-90 km/h (0-56 

mph) 


15.0 sec 


P4.3 

40-90 km/h (25- 

56 mph) 


12.0 sec 

P5 

Gradeability 







Grade 

Speed 

Distance 


P5.1 


3% 

90 km/h 

1.0 km 


P5.2 


5% 

80 km/h 

1.0 km 


P5.3 


8% 

50 km/h 

0. 3 km 


P5.4 


15* 

25 kra/h 

0.2 km 


P5.5 


40+% 

30 km/h 

0.2 km 

P6 

Payload Capacity 



430 kg 

P7 

Cargo Capacity 



0.5 m 

P8 

Consumer Costs 





P8.1 

Consumer purchase price 

(1977 $) 

Competitive 


P8.2 Consumer life cycle cost Less than or equal 

(1977 $) to reference 

vehicle 
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P9 


P10 


Pll 


P12 


P13 


P14 


P15 


Emissions - Federal Test Procedure 


P9.1 

Hydrocarbons (HC) 

<0.24 

gm/km 

P9.2 

Carbon monoxide (C) 

< 4.4 

gm/km 

P9.3 

Nitrogen oxides (NO ) 

A 

<0.93 

gm/km 


Ambient Temperature Capability 

Temperature range over which 
minimum performance require- 
ments can be met -20*C to + 40°C 

Rechargeability 

Maximum time to recharge from 

80% depth-of -discharge 8 hr 

Required Maintenance 

Routine maintenance required 

per month 2 hr 

Unserviced Storeability 

Unserviced storage over ambient 
temperature range of -30°C to 
+50°C (-22 # F to +122*F) 


P13.1 Duration 

P13.2 Warm-up time required 

Reliability 

P14.1 Mean usage between failures - 
powertrain 

P14.2 Mean usage between failures - 
brakes 

P14.3 Mean usage between failures - 
vehicle 

Maintainability 

P15.1 Time to repair - mean 

P15.2 Time to repair - variance 


30 days 
5 min. 


20,000 km 
20,000 km 
20,000 km 


12 hr 
+ 20 


- 6 


hr 
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P16 Availability 

Minimum expected utilization 
rate, i.e., 100 * time in 
service * (time in service 
+ time under repair) 90% 

P17 Additional Accessories and Amenities 
Power steering 
Power brakes 
Heater/air conditioner 
( C ’puter controlled transmission 
State of charge meter 
Battery charger 
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FURTHER ANALYSIS OF LOS ANGELES AND 
WASHINGTON, D.C. ORIGIN-DESTINATION DATA 


Data collected in Los Angeles and Washington, D.C. origin- 
destination studies have been analyzed by General Research 
Corporation (Volume II of the present study) . We examined these 
data in order to obtain a further characterization of automobile 
usage. A fundamental result of this examination is that the 
Poisson probability distribution provides a relatively poor fit to 
trip frequency data. Attempts to fit the Poisson to actual data 
are described below; a model which may more effectively predict 
trip frequency is also discussed. 

Driving characteristics in Washington and Los Angeles clearly 
differ. Therefore, each locale should be modeled separately. 

The mean number of vehicle trips pe^ day in Washington is 3.16, 
and the mean distance traveled ovt; the course of a day is 35 km. 

In contrast, the corresponding figures for Los Angeles are 4.72 
trips and 46 km. These observed results are in general agreement 
with those calculated from Federal Highway Administration data.^ 

The Poisson distribution has been used in the past to model trip 
frequency. This distribution (commonly applied to waiting line 
and queuing problems, such as the number of cars at an inter- 
section) may be thought of as a "rare event" distribution, because 
it is used to model the number of occurrences of an event in a 
large number of trials when the event's probability at each trial 
is small. Situations for which the Poisson is excellent include 
modeling radioactive emissions and transistor failures. The 
Poisson, which is a discrete rather than a continuous distribution, 
is completely described by X, the mean number of events per unit 
time. A list of the Poisson probabilities of k events for X 
equal to the integers 1 through 5 is contained in Table A-l. 

Figure A-l is a histogram showing observed trip frequencies in 
Washington, D.C. As one might expect, an odd number of trips in 
a day occurs much less frequently than an even number. The 
resulting irregularity in the distribution makes it difficult to 
fit simple parametric models, such as a Poisson distribution. 
Therefore, if any comparison to a parametric model is to be 
effective, the data must be represented so as to remove the odd/ 
even characteristic. 

Vs. Department of Transportation, "Nationwide Personal Trans- 
portation Survey," 1972. 
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TRIPS PER VEHICLE PER DAY (k) 

Figure A-l. Numbers of Trips Daily — Washington, D.C. Sample 


Odd and even numbers of trips have been combined in Figure A- 2. 
The frequency of zero trips and the frequency of one trip are 
summed to form the frequency of zero or one trip (per day) ; the 
frequency of two trips and the frequency of three trips are 
summed to form the frequency of two or three trips, and so on. 

The histogram of Figure A-2 is smooth and illustrates the distri- 
bution's overall skew-positive shape. 

The Poisson distribution is fitted to data by estimating X, the 
distribution's only parameter. The maximum likelihood estimator 
of X is the sample mean given by 


0N„ + IN. + 2N + 


• • • 


+ nN 


NUMBER OF 1 



Figure A-2. Number of Trips Daily in Two-Trip 
Bins - Washington, D.C. Sample 
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where N. is the observed number of occurrences of i trips. 
Unfortunately, the GRC data do not include which is needed to 

calculate ^ N.. The result of substituting a value of zero for 
i*0 i 

Ng is that the sample mean will tend to be larger than X. Since 
an optimal estimator for X is not directly available, a spectrum 
of Poisson distributions were fitted to data. The values of X 
were set less than or equal to the sample mean from Equation A-l, 
computed with equal to zero. The nature of the Poisson fit 
was examined as u X varied. 

Figures A-3 and A-4 compare the values predicted by two Poisson 
distributions and the observed Washington trip frequencies. The 
Poisson fit of Figure A-3 was constructed with X set at the sample 
mean of 3.16. The model underestimates the frequency of two or 
three trips. The fit of Figure A-4 was obtained with X set to 
2.88. A smaller X improves the model's prediction of two or three 
trips, but degrades the fit in the distribution's tail or extreme 
values. For example, while 36 occurrences of 10 or 11 trips are 
recorded in the Washington data, only two are predicted by the 
Poisson distribution. A poorer fit occurs using the Los Angeles 
data, as is shown in Figure A-5. In this case, the Poisson model 
is hardly satisfactory.* 

The Poisson distribution fails to fit the Washington and Los 
Angeles data primarily because the observed distribution's central 
portion is large relative to its tail. The frequency of two trips 
is particularly high, suggesting a systematic bias toward this 
number of trips. Such a systematic bias is best explained as an 
effect of work-related trips. 

We shall outline here a somewhat complex model of trip frequency 
w^ich takes into account the apparently substantial effect of 
work trips. The population of car owners is divided into two 
categories, those who drive to work and those who do not. The 
week is then divided into weekdays and weekends. Driving behavior 
in each category is characterized, and the sum of the driving 
behaviors, weighted according to relative probabilities, forms the 
overall distribution of trip frequency. 


*While the Poisson model does a relatively poor job of predicting 
trip frequencies, it, in combination with observed trip length 
distributions, appears to be reasonably accurate in deriving 
daily driving distances. (See the main text of this study.) 


% 
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NUMBER OF TRIPS PER DAY 



0-1 2-3 4-5 6-7 8-9 10-11 12-13 14-15 

. TRIPS PER VEHICLE PER DAY 


Figure A-3. A Comparison of Washington Daily Trips 
and Poisson Distribution Predictions 




NUMBER OF TRIPS PER DAY 





NUMBER OF TRIPS PER DAY 






Let Nj. and N 2 represent the number of car owners who drive to work 
and do not drive to work, respectively. Then a randomly selected 
driver has probability N^/(N^ + N^) of being a driver who drives 
to work, and probability N,/(N. + N^) of being a driver who does 
not. A randomly selected day has probability 2/7 of being a 
weekend day and 5/7 of being a weekday. The four categories that 
will be conditioned on and their relative probabilities are, 
then, 


Category 

Labe l Description 

A Person drives to work and 

it is a weekday 


B Person drives to work and 

it is a weekend day 


C Person does not drive to 

work and it is a weekday 


D Person does not drive to 

work and it is a weekend 
day 


N 1 

N, + 

N 

1 

2 

N, 


1 


N, + 

IT 

1 

2 

N 


2 


N, + 

N 

1 

2 

N, 


2 



N 1 +N 2 


(f) 

(!) 

(!) 

(!) 


The objective here is to find the probability of k trips in a 
day, for k varying from zero to infinity. Let this probability 
be denoted by P(k). Then, 


P(k) - P (k/A) P (A) + P (k/B) P (B) + P (k/C) P (C) + P(k/D)P(D) 

(A- 2) 


The expression P(k/A) 3 hould be read as "the probability of k 
trips occurring given that situation A is known to be true.” The 
probabilities of A, B, C and D are shown in the table above. The 
remaining task here is to derive the set of conditional probabili 
ties of k given A, B, C and D. 

The values of P(k/A) result from two basic assumptions: first, a 

person who drives t’. work takes at least two trips on a weekday; 
second, this person may take additional discretionary trips on a 
weekday, and the mean number of such trips is X . Assume further 


44 


that the discretionary tripe follow a Poisson distributer . The 
result is 

P ( 0/A) - 0 

P ( 1/A) - 0 

since Category A implies at least two trips. In addition , 

P (2/A) * P (2 work trips) P(0 discretionary trips) 

*X° 

- 1 x — exp ( - X 1 ) 

- expt-X^ 


P(3/A) ■ P(2 work trips) P(1 discretionary trip) 

\ l 

- i * TT ® x p ( "V 

- X expf-X^ , 


and so on. The general solution may be written 


k < 2 


P (k/A) 


(k-2) 


(k-2) ! ex P ( " X 1 ) 


k > 2 


The probability of k trips is assumed to be identical for condi- 
tions B, C and D. These probabilities are assumed to follow a 
Poisson distribution with parameter \^, where X^ is the mean 
number of discretionary trips taken by a driver on a day he does 
not work. As such, the probability of k given B, C or D may be 
written 


2 

P(k/B, C or D) « — — exp (-X^) 


l 

I 

I 

! 


* 

! 
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APPENDIX B 

DRIVING CYCLES AND AUTOMOTIVE 
FUEL ECONOMY 



PRECEDING PAGE BLArtK NOT FILMED 
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DRIVING CYCLES AND AUTOMOTIVE 
FUEL ECONOMY 


B.l SPECIFYING THE J227a(B) CYCLE 

In the effort reported below, the objective was to establish a 
realistic J227a(B) cycle, so as tc be representative of the way 
we would expect a hybrid vehicle to be driven. This driving 
cycle (primarily based on a priori considerations) may then be 
used in the CARSIM model, in conjunction with the Federal Urban 
and Highway driving cycles, to establish the petroleum consump- 
tion, as a function of trip length and other parameters, for both 
the reference ICE vehicle and the NTHV. It is expected that the 
cycle will change slightly as the characteristics of these vehicles 
become better defined. 

The J227a(B) cycle is described in terms of a velocity-time 
profile, which is usually expressed as shown in Figure B-l. 

However, the velocity is prescribed in this cycle only during the 
cruise portion and at the end points of the acceleration, cruise 
and deceleration periods. The remainder of the profile is not 
prescribed. In fact, since part of the deceleration portion 
involves coast-down, the actual profile will depend not only on 
driving behavior, but on the specific nature of the vehicle. 

In the sections that follow, the velocity-time profile for each 
portion of the J227a(B) cycle will be derived. 


B.1.1 Acceleration Phase 

t 

The acceleration phase was divided into four segments, as indi- 
cated in Figure B-2, and the thinking behind much of this stems 
from the basic expression for power P at the driving wheels: 

P = V(C Q + CjV + C 2 V 2 + C 3 ) , (B-l) 

in which 

P = power at the driving wheels 

V = velocity 

t = time 

C. = positive constraint that depends on vehicle and drive- 

line characteristics. 
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When the velocity is zero, so is the power, which means that a 
constant power acceleration phase is not possible. Moreover, the 
presence of the acceleration term dv/dt means that the power 
demanded at cruise will be less than the power during acceleration 
at the same velocity, since C 3 > 0. Finally, a discontinuous 
acceleration profile was not hypothesized, since the resulting 
jerk (the derivative of acceleration) would be uncomfortable to 
passengers, and since the driver/ vehicle system would be unable 
to produce such a response. Therefore, we assumed that the first 
and fourth segments of the acceleration phase would be charac- 
terized by a linear acceleration versus time profile. In summary, 
the four segments are as shown in Table B-l. 


Table B-l. The Four Segments of the 
Acceleration Phase 


Segment 

Time 

Characteristics 

1 

0 s t s t 0 

Linear Acceleration 

2 

*0 £ * s *1 

Constant Acceleration 

3 

V ‘ s t 2 

Constant power 

4 

t 2 <- 1 < t 3 

Linear Acceleration 


Consequently, the acceleration history during the first three 
segments can be described as follows: 


a (7 ) 
max tQ 


0 * t * t. 


dV 

dt 


max 


t i t ^ t 
0 1 


[ - 1 
c 3 V 


[ 7T - C 0 - CjV - C 2 v 2 ] t * t S t. 


( B— 2 ) 


«, I 1 - 


t ~ t 2 


t < t < t 
2 - - 3 
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in which the acceleration values a max and a 2 and the time values 
t 0 , tp t 2 and tj are to be determined. Using the anticipated 
characteristics of the NTHV, solution of these equations results 
in 

t. * 1.0 sec 
0 

t^ * 4.0 sec 

t^ * 16.0 sec 
2 

t 3 ■ 19.0 sec, 

and in the displacements, velocities, accelerations and powers of 
Table B-2. 


Table B-2. Properties of the Acceleration 
Phase of J227a(B)* 


Time 

(sec) 

Distance 

(meter) 

Velocity 

(kph) 

Acceleration 

(m/sec^) 

Power 

(kw) 

1. 

0.16 

1.75 

0.970 

0.944 

2. 

1.13 

5.24 

0.970 

2.836 

3. 

3.07 

8.73 

0.970 

4.737 

4. 

5.98 

12.22 

0.970 

6.649 

5. 

9.81 

15.24 

0.737 

6.649 

6. 

14.39 

17.64 

0.608 

6.649 

7. 

19.58 

19.67 

0.523 

6.649 

8. 

25.29 

21.43 

0.461 

6.649 

9. 

31.47 

23.00 

0.413 

6.649 

10. 

38.06 

24.42 

0.375 

6.649 

n. 

45.02 

25.71 

0.344 

6.649 

12. 

52.33 

26.90 

0.317 

6.649 

13. 

59.96 

28.00 

0.295 

6.649 

14. 

67.88 

29.03 

0.275 

6.649 

15. 

76.08 

29.98 

0.257 

6.649 

16. 

84.54 

30.88 

0.242 

6.649 

17. 

98.22 

31.61 

0.161 

5.630 

18. 

102.07 

32.04 

0.081 

4.506 

19. 

111.00 

32.19 

0.000 

3.310 

* These 

data are plotted on Figure B-3. 
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a. 1.2 


Coast-Down Phase 


In the coast-down phase the vehicle was assumed to be rolling 
with its transmission in gear and its clutch engaged. The 
velocity-time profile can be obtained by solving the equation of 
motion: 


dV 

M — - -R - R. + R- 
e dt r d E 


(B— 3 ) 


where M e is the effective mass, including the effect of the 
rotating components, R E is the forward tractive force from the 
powertrain, and R r and R d are rolling resistance and aerodynamic 
drag, respectively. The relationship between R E and vehicle speed 
depends on engine braking torque at various engine speeds, which 
depend in turn on the gear ratios, final drive ratio, and rolling 
radius. For computation purposes we used empirical data for the 
Volkswagen Rabbit diesel engine, operating in fourth gear. 

When the NTHV is operating with just the heat engine, such data 
may well be representative. On the other hand, in the all- 
electric mode the nature of the torque-speed curve would depend 
on motor losses and on regenerative braking torque. At this 
point, regenerative braking has not been studied in detail, but 
it would appear desirable to have the "feel" of the car during 
coast-down be representative of a conventional automobile. 
Therefore, these data could well represent a desirable attribute 
for an NTHV in both the all-electric and the combined modes. 


Substitution of typical expressions for R r and R^, coupled with 
the relationship between motoring torque and speed, results in a 
differential equation identical in form to the third of Equa- 
tions B-2. Solution of this equation produces the values shown in 
Table B-3. 


Table B-3. Properties of the Coast-down 
Phase of J227a(B) 


Time 

(sec) 

Distance 

(meters) 

Velocity 

(kph) 

Acceleration 

(m/sec 2 ) 

Power 

(kw) 

39 

289.61 

30.60 

-0.438 

3.097 

40 

297.92 

29.04 

-0.431 

2.894 

41 

305.79 

27.50 

-0.424 

2.701 

42 

313.24 

25.99 

-0.417 

2.517 
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B.1.3 Braking Phase 


The goal was to decrease the speed of the vehicle from 25.99 to 
zero kph in 5 seconds, with a deceleration profile representative 
of actual driving. Typical braking behavior involves a decreas- 
ing deceleration, so that jerk is minimized as the vehicle comes 
to a stop. Therefore the braking torque at V « 0 was assumed to 
be zero. The retarding force at V = 0 would then be due only to 
a rolling resistance at zero velocity. Assumption of a linear 
deceleration profile results in the data shown in Table B-4. 


Table B-4. Properties of the Braking 
Phase of J227a(B) 


Time 

(sec) 

Distance 

(meters) 

Velocity 

(kph) 

Acceleration 

(m/sec 2 ) 

42 

313.24 

25.99 

-2.709 

43 

319.19 

25.15 

-2.203 

44 

322.93 

14.85 

-1.697 

45 

324.98 

7.23 

-1.191 

46 

325.84 

2.28 

-0.685 

47 

326.01 

0 

-0.178 


B.1.4 Complete Cycle 

Plotting the results of these calculations yields the speed 
profile shown in Figure B-4. Parametric descriptors of the 
J227a(B) driving cycle are listed in Table B-5. 
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A* 


SPEED (km/hr) 



mbs 





TOTAL 


B.2 ESTABLISHING DRIVING CYCLES IN TERMS OF 

J227a(B), FUDC, FHDC 

B.2.1 Applications of Combined Driving Cycles 

Some of the objectives of the Task 1 and Task 2 efforts may be 
summarized as follows: 

1. To characterize daily trip making 

2. To evaluate the petroleum consumption of the reference 
ICE vehicle when used over the distribution of daily 
driving 

3. To evaluate the NTHV petroleum consumption when operated 
similarly 

4. To define the operating strategy of the NTHV so that it 
demonstrates good potential for reducing petroleum con- 
sumption in the daily driving patterns. 

Fuel economy simulations, such as CARSIM, have an integral role 
in achieving all of these objectives, but their uses will 
probably vary substantially. Specifically, the design of the 
operational strategy (objective 4) is concerned with the particu- 
lars of vehicle operation, since the vehicle's computer will have 
to make operating decisions based on the particular information 
available to it at any given moment. On the other hand, for 
objectives 1 through 3, the driving cycle parameters must be 
treated statistically (and hence in less detail) , since we are 
dealing with a fleet of automobiles operating under a wide variety 
of conditions. 

This difference in application becomes obvious when one starts to 
construct representative driving cycles. The design and testing 
of the operational strategy require a specific velocity-time 
profile, or series of profiles, so that the decision making 
process can be scrutinized. For example, if one were simulating 
a 5 km trip, of which 2 km were represented by the J227a(B) cycle 
and 3 km by the Federal Urban Driving Cycle (FUDC) , then one would 
need to generate a 5 km profile with specific portions drawn from 
each of the driving cycles and appropriately combined so as to 
evaluate the strategy's ability to cope with a variety of specific 
situations. Constructing such profiles is basically the problem 
that the EPA faced when it originally formulated the city and 
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highway driving cycle*/ and it is no easy task. However/ this 
level of detail is neither necessary nor appropriate in order to 
evaluate fleet fuel economy. Therefore, for the present time, we 
have adopted a second approach. 

The basic approach is to obtain the petroleum consumption values 
(by CARS I M or other means) for a single pass through each of the 
three cycles *"J227a(B) , FUDC and FHDC. These values are then 
multiplied by various factors and summed (to reflect the distance 
traveled in any one cycle, plus any other conditions which might 
affect fuel economy) . This will require, at least for the 
reference ICE vehicle, the use of CARSIM only once for each of 
the three cycles. 


B.2.2 Literature Survey 

A brief review of the literature seems to indicate that the only 
non-vehicle factors which have a quantifiable effect on petroleum 
consumption (at least for the purposes of this program) are 
ambient temperatures and warm-up. Reference B-l is a 1965 General 
Motors study in which a proving ground warm-up fuel economy test, 
consisting of a cold start from ambient temperature followed by 
four cycles of the General Motors Simulated City Fuel Economy 
Schedule, was used. Since the study used vehicles from the early 
1960s, and since its driving cycles do not correspond with those 
used in this program, the results are not reliable for our 
purposes. Reference B-2 is a recent Canadian research study 
focusing mostly on emissions. No wr.rm-up data (such as fuel 
economy versus trip length) are given. The ambient temperature 
effects are described only by means of regression equations. 

These data were thus considered to be too crude for our needs. 
Reference B- 3 is a report focusing on CC emissions, but which has 
useful information on warm-up transients at various ambient 
temperatures. Reference B-4 is a study performed at the Department 
of Energy, Bartlesville. It reports both ambient temperature and 
warm-up effects. Unfortunately, the fuel economy data were 
averaged over the four vehicles tested, which ranged from a four- 
cylinder subcompact to an eight-cylinder full size car. By 
normalizing these data to fully warmed-up FUDC and FHDC fuel 
economy, however, the effects of this averaging should be 
minimized. Reference B-4 reports cumulative rather than "instan- 
taneous" values, so the latter were deduced formally. Some minor 
inconsistencies in the data were uncovered, even though the nor- 
malization procedure tended to minimize such effects. 
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3.2.3 


Data Analysis 


The most pertinent data from Reference B-4 are summarized in 
Tables B-6 through B-9, which are simply reproductions of its 
Tables 2, 4, 5 and 6. Processed forms of these data are presented 
in Tables B-10 through B-14. The FT? fuel economy noted in 
Tables B-10 through B-13 were calculated from the formula 


PE, 


FTP 0.2054 
FE. 


0.5223 0.2723 


FE. 


FE. 


(B-4) 


where the subscripts 1, 2 and 3 indicate the fuel economy measured 
for the first, second and third bags of the Federal Test Proce- 
dure. The derivation of this formula is based on the use of the 
carbon balance method for measuring fuel consumption. Note that 
the resulting fuel economy values are somewhat different from 
those indicated in Table B-9. 


The numbers shown in Table B-14 were calculated on the expectation 
of an exponential convergence to the fully warmed-up city fuel as 
the trip length increased beyond 10 miles (16 km). The logarithmic 
plot of these data in Figure B-5 shows that this assumption is 
not fully accurate. However, the faired curves were used to 
generate the factors used subsequently in the analysis. The lack 
of fit to these curves is largely due to the non-uniform nature 
of the driving cycle. Reference B-4 shows some comparisons to 
the warm-up rate for steady cruise, which is much smoother. 

Table B-15 presents warm-up data for highway driving from a csld 
start. 
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Table B-6. Modified 1975 FTP and 
HWFET Driving Schedule 


0(1.1 ffUtlM . 

?(m Inttrvil, 
MlnwlOl 

CuBuUtlvo 
Olttonct. Wit* 

cold trofllltflt 

0 - 

1.4 

).< 

Subtil tod 

(.4 • 

22.1 

7.1 

Sou 

22.* . 

32.1 

7.1 

Hot trinitont 

32. » • 

41.) 

11.0 

ldlo 

41.) • 

41.) 

11.0 

Hlenwty wtrmip 
(Hlgnwty No. 1).... 

4i.i • 

<1.0 

21.) 

Idlt 

•1.0 - 

<4.0 

21.) 

Hlohwoy foil oeonoiqr 
[HlgHwoy No. 2).... 

<4.0 * 

7<.» 

)1.< 


NOTt.-NO MMurffWfltt «tro Kidt during iotk or Idlt ptrlods. 


Table B-7. Fuel Consumption for Diacrete 
Test Segments — Four Car Averages 


Trip. H11»« 

isnr 

r«fi tcongro 

— wr — 

t e- 

"WF 

0 * 3.6 

9.6 

n.3 

12.* 

12.0 

0 - 7.5 

11.1 

12.4 

13.5 

12.2 

0 - 11.1 

ii.i 

13.0 

14.0 

12.5 

0 - 21.3 

14.6 

15.5 

16.3 

14.5 

0 - 31.1 

16.0 

16.7 

7,4 

1S.S 

21.3 • 31. < 

20. < 

20.6 

21.2 

16.6. 


Fuol CpMuntd. Odilons/ 100 Hilts 


SELT 

ITT 

TEC 

100V** 

0 - 3.6 

10.46 

1.(2 

7.76 

6.35 

0 - 7.5 

9.01 

(.05 

7.3* 

(.20 

0 - 11.1 

1.3* 

7.<» 

7.1$ 

(.00 

0 * 21.3 

6.6$ 

6.46 

6.1$ 

<90 

0 - 31.6 

6.25 

5.W 

5.75 

6.47 


Hlohwoy 

fuel Consumed. 

6*11ons/100 Miles 


2&V 

ITT" — 

7QV 

100V** 

21.3 - 31.6 

4.6$ 

4.60 

4.72 

5.M 


•Trip «Uts rtprtspfit tht mileigt in i*QU#nt1*1 

completion of tost segments ts described In Teble 1. 

**100* f tests with Si r conditioner In operetlpft. 


Table B-8. Cumulative Fuel Economy at 1-Mil« Intervals 
of the Federal Test Procedure — Four-Vehicle Average 


01 stance. 


Fuel Economy 

mo* 


Mil** 

20* 

45 B 

Z5L 

1SS* T 

0.9 

6.0 

8.1 

10.5 

11.1 

1.79 

7.8 

9.6 

12.2 

12.6 

2.69 

9.4 

11.3 

13.4 

12.6 

3.59 

10.0 

11.9 

13.5 

12.4 

4.53 

10.3 

11.9 

13.4 

12.4 

5.54 

11.2 

12.9 

14.2 

12.9 

6.53 

11.6 

13.2 

14.4 

12.8 

7.50 

11.6 

13.1 

14.2 

12.5 

8.44 

11.7 

13.1 

14.2 

12.5 

9.24 

12.0 

13.3 

14.4 

12.7 

10.14 

12.4 

13.7 

14.7 

12.9 

11.04 

12.5 

13.7 

14.7 

12.9 


♦With air conditioner In operation. 


Table B-9. Ambient Temperature and Fuel 
Consumption - Four-Vehicle Average 


Test Temperature, ®F 


Test Cycle 

J5 — 

4; 

75~ 

■w 

FTP Fuel Economy, 

Miles Per Gallon 


City 

12.9 

13.9 

14.8 

13.1 

City/Highway 

15.5 

16.3 

17.1 

15.1 

Highway 

20.6 

20.9 

21.2 

18.6 

FTP Fuel 

Consumption 

i, Gallons/100 Miles 


City 

7.79 

7.20 

6.76 

7.65 

City/Highway 

6.47 

6.12 

5.84 

6.62 

Highway 

4.85 

4.80 

4.72 

5.38 

FTP Fuel Consumption, m 

Increase Over 70® Test 


City 

15 

7 

Base 

13 

City/Highway 

11 

5 

Base 

13 

Highway 

3 

2 

Base 

14 


♦With air conditioner in operation. 




Table B-10. Fuel Consumption Data at 20°F 


i 

1 

i Segment 

Length of 
Seoment 

Cumulative 
Trio Length 

Total Fuel 
Used 

Cun_F| 

FE_. 

FTP 

Fuel Used 
This Segment 

Fuel Ecop. 
This Segment 

FE This Segment 
FE H!IFET 70 

Cold Transient 

3.S76 

3.576 

0.3740 

0.7729 

0.3740 

9.5602 


• Stabilized 

3.910 

7.466 

0.6745 

0.8973 

0.3004 

13.0143 


Hot Transient 

3.576 

11.062 

0.92/1 

0.9647 

0.2525 

14.1620 


Highway Warmup 

10.2 

21.262 

1.4564 


0.5295 

19.2652 

0.947 

| Highway Fuel Econ. 

10.2 

31.462 

1.9664 


0.5099 

20.0023 

0.983 


i * 


fe ftp * 12,37 mpg 1 


Table B-ll. Fuel Consumption Data at 45°F 


Seqment 

Length of 
Segment 

Cumulative 
Trip Length 

Total Fuel ' 
Used 

Cum FE 

FE__ 

FTP 

Fuel Used 
This Segment 

Fuel Econ. 
This Segment 

FE This Segment 
F£ HUFET 70 

Cold Transient 

3.576 

3.576 

0.3154 

0.8545 

0.3154 

11.3379 


Stabilized 

3.910 

7.486 

0.6026 

0.9363 

0.2872 

13.6133 


Hot Transient 

3.576 

11.062 

0.8507 

0.9801 

0.2480 

14.4168 


Highway Warmup 

10.2 

21.262 

1.3735 


0.5229 

19.5082 

0.959 

Highway Fuel Econ. 

10.2 

31.462 

1 .8846 


0.5110 

19.9590 

0.931 







FE 

CrpTS 

» 13.27 mpg 


Table B-12. Fuel Consumption Data at 70°F 


Segment 

Length of 
Segment 

Cumulative 
Trip Length 

Total Fuel 
Used 

Cold Transient 

3.576 

3.576 

0.2782 

Stabilized 

3.910 

7.486 

0.5532 

Hot Transient 

3.576 

11.062 

0.7909 

Highway Warmup 

10.2 

21.262 

1.3076 

Highway Fuel Econ. 

10.2 

31.462 

1.8091 



Cum FE 

FE_. 

FTP 

Fuel Used 
This Seoment 

Fuel Econ. 
This Seoment 

FE This Seqment 
FE KUFET 

0.9102 

0.2782 

12.8535 


0.9583 

0.2750 

14.2180 


0.9904 

0.2377 

15.0431 



0.5167 

19.7414 

0.971 


0.5015 

20.3409 

1.000 


fe ftv = 14,12 mpg 
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Cold Transient 
Stabilized 
Hot Transient 
Highway Warmup 
Highway Fuel Econ. 


3.576 

3.576 

0.2986 

0.9570 

0.2986 

11.9760 


3.910 

7.486 

0.6139 

0.9745 

0.3153 

12.4026 


3.576 

11.062 

0.3850 

0.9988 

0.2711 

13.1903 


10.2 

21.262 

1.4671 


0.5821 

17.5222 

0.361 

10.2 

31.462 

2.0356 


0.5685 

17.9415 

0.382 


fe ftp ■ l2 - 51 mpg 


Table B-14. Cumulative Fuel Consumption Data 



»M 

o 

a 

F 


45 

* F 


70° 

F 

100* 

F 

Trip 

Length- 

Miles 

Ui 

u» 

3 

o 

Ui 

u. 

1 

* 

S 

OL 

U» 

1 

Ui 

u» 

i 

u 

Ui 

u. 

3 

Oj 

* 

o 

r*. 

a. 

t 

i 

Ui 

o. 

3 

Cl 

Ui 

u. 

5 

o 

O 

r** 

a. 

tz 

i 

Cum FE 

UI 

U- 

i 

Cl 

o 

a. 

*— 

u. 

t 

0.90 

6.0 

.5946 

8.1 


4527 

10.5 


2905 

11.1 


2500 

1.79 

7.8 


4730 

9.6 

.3514 

12.2 

.1757 

12.6 


1486 

2.69 

9.4 

.3649 

11.3 


2365 

13.4 

.0946 

12.6 


1486 

3.59 

10.0 

.3243 

11.9 

. 

1959 

13.5 

.0878 

12.4 


1622 

4.53 

10.3 

.3041 

11.9 

. 

1959 

13.4 

.0946 

12.4 


1622 

5.54 

11.2 

.2432 

12.9 

. 

1284 

14.2 

. 

0405 

12.9 


1284 

6.53 

11.6 

.2162 

13.2 

.1081 

14.4 

.0270 

12.8 

.1351 

7.50 j 

11.6 


2162 

13.1 

. 

1149 

14.2 

. 

0405 

12.5 


1554 

8.44 

11.7 

.2095 

13.1 

. 

1149 

14.2 

, 

0405 

12.5 


1554 

9.24 

12.0 

. 

1892 

13.3 

.1014 

14.4 


0270 

12.7 


1419 

10.14 

12.4 

, 

1622 

13.7 

.0743 

14,7 

.0068 

12.9 

.1284 

11.04 

12.5 

.1554 

13.7 

.0743 

14.7 

.0068 

12.9 

.1284 


™20 

a 

12.9 

FTP e 
45 

* 13.9 

m 70 

a 

14.8 

FTP 1 

*100 

13.1 


Highway FE 
Hwy. FE/Hwy. FE 7n 


20 . 6 : 

0.973 


Z0.85 

0.984 


21.19 

1.000 


18.59 

0.877 


Cumulative Fuel Econom y 
FTP Fuel Economy at 70 "F 


r 

4 - 

3! • 

i 



TRIP LENGTH (km) 


Figure B-5. Fuel Economy Residual versus 
Trip Length 


Table B-15. Ratio of Cold-Start Highway Fuel Economy 
to Standard Highway Fuel Economy* 


Vehicle 

Tires 

Cold FE 
FE HWFET 

1976 Pinto 

Radial 

Bias 

0.880 

0.904 

1976 Granada 

Radial 

0.904 

1976 Aspen Wagon 

Radial 

0.923 

1976 Impala 

Radial 

0.935 

Average 


0.914 

♦Source: Table 10 

of Reference 

B-5 


B.2.4 Combination of Driving Cycles 

The next step in the analysis is to combine the J227a(B) cycle, 
the FUDC and the FHDC so as to match observed driving behavior. 

The Technical Proposal, Volume I, pages 2-16 through 2-26, 
presented two different ways of matching observed driving 
behavior: on the' basis of stops per mile, and on the basis of 

average speed. Therefore, we proceeded to repeat the calculations 
done in the proposal, using the updated average speed in the 
J227a(B) cycle (see Section B.l) for the mean trip lengths in 
each trip length category (column 6, Table 2-2, page 2-33 of the 
Technical Proposal) . The results of using Equation B-5, 


1 1 



to determine the fraction of driving in each driving cycle are 
shown in Table B-16. For each trip length the lower speed driving 
was split equally into two parts, with one occurring in the 
beginning of the trip, and the other occurring at the end. Pre- 
sumably, this would account for the use of arterial highways 
wherever possible, with entry to and exit from each highways 
occurring near the origin and destination of each trip. The 
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Table B-16. Trip Composition for Various Trip Lengths 


Trip 

Length 

Category 

(km) 

Length 

(km) 

Average 

Trip 

Speed 

(kph) 

Trip Description 

(Kilometers in J227a(B) Cycle, FUDC, & FHDC) 

Under 8.0 

2.96 

17.2 

1.316 J227a(B), 

0.327 FUDC, 1.316 J227a(b) 

8.0-15.3 

10.14 

32.5 

4.81 FUDC, 0.507 FHDC, 4.81 FUDC 

15.3-24.9 

19.5 

43.5 

5.25 FUDC, 9.00 

FHDC, 5.25 FUDC 

24.9-33.0 

30.4 

54.7 

4.35 FUDC, 21.7 

FHDC, 4.35 FUDC 

33.0-49.1 

42.0 

64.7 

2.86 FUDC, 36.2 

FHDC, 2.86 FUDC 

49.1-65.2 

60.0 

79.5 

60.0 

FHDC 

65.2-81.3 

78.4 

79.5 

78.4 

FHDC 

81.3-160.1 

113.3 

79.5 

113.3 

FHDC 

160.1+ 

309 

79.5 

309 

FHDC 


cycle speeds used to establish the distances shown in Table B-16 
are as follows: 16.30 kph in J227a{B), 31.5 kph in FUDC and 

77.6 kph in FHDC. Cycle lengths are 0.326, 12.05 and 16.4 km, 
respectively. 


B.2.5 Fuel Consumption Factors: Methodology 

and Sample Calculations 

Having established the distances, the next step was to identify 
the appropriate factors from Figure B-5 for use with the fuel 
consumption calculated from CARSIM. Lacking information regard- 
ing fuel consumption factors for the SAE J227a(B) cycle, the 
factors used were those for the FUDC. The procedure may be 
illustrated by considering a trip length of 10.1 km. The first 
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s* 


segment of such a trip is 4.81 km of driving in the FUDC. The 
second segment is 0.507 km in the FHDC, and the third is 4.81 km 
in the FUDC. The fuel consumption in this trip is given by 


C 


4-81 ,1_, c + 0-507 1_. + 4.81 1_ 

12.05 f, UDC 16.4 f ' HOC 12.05 f, UDC 
12 3 

(B-6) 


where C UDC is the fuel consumption in a single urban driving cycle 
at standard conditions (68°F to 86°F) , C HDC is the fuel consump- 
tion in a fully warmed-up highway driving cycle at standard 
conditions, and f]_, ti' and f 3 are the warm-up factors applied to 
the fuel economy of segments 1, 2 and 3, respectively. The form 
of Equation B-6 comes from a definition of the f-factorss 


FE 


actual 


f (FE . . .) 

ideal 


(B-7) 


Since 


C = 


DISTANCE DRIVEN DISTANCE DRIVEN 


FE 


actual 


f (FE . . .) 

ideal 


(B-8) 


we can write 


C 


f ^ideal 


(B-9) 


for each segment of the trip. The f-f actors are obtained from 
Figure B-5, using appropriate assumptions for the amount of 
warmup that takes place. 

As an example, the first segment is 4.81 km of the FUDC; the 
values of the quantity 1-f^ are read from Figure B-5 for a trip 
length of 4.81 km, assuming a cold start. (Warm starts will be 
treated at the end of this section.) The resulting values of 
f^ and l/f^ are shown in Table B-17a. 

The second segment of the trip is 0.507 km in the FHDC. Since 
Figure B-5 applies to city driving from a cold start, it would 
not be appropriate to apply these data to the 0.507 km of high- 
way driving from a partially warmed-up condition. On the other 
hand, warm-up factors f for the FHDC from a cold start at 70°F 
were assumed to be 0.914 at 16.4 km (Table B-15) , 0.971 at 32.8 km 
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Table B-17. Fuel Consumption Factors for Trip Length 
of 10.1 Kilometers from Cold Start 


B-17a. First Segment: 4.81 km in FUDC 


Ambient 

Temperature 



Vf, 

20°F 

0.359 

0.641 

1.56 

45°F 

0.237 

0.763 

1.31 

70° F 

0.118 

0.882 

1.13 

100°F 

0.160 

0.840 

1.19 


B-l 7b. Second Segment: 0.507 

km in FHDC 

Ambient 

Temperature 

f 2 

Vf 2 

20° F 

0.891 

1.122 

45®F 

0.903 

1.107 

70° F 

0.914 

1.094 

100°F 

0.851 

1.175 


B-17c. Third Segment: 4.81 

km of FUDC 

Ambient 

f 

l/f„ 

Temperature 

2 

' 3 

20° F 

0.872 

1.15 

45° F 

0.939 

1.06 

70® F 

1.000 

1.00 

100°F 

0.885 

1.13 


(Table B-12) , and 1.00 at 49.2 km. Some way must be found to 
combine the city and highway warm-up factors for trips in which 
a segment of FHDC follows a segment of FUDC. For the purposes 
of this study, this was done by applying the "cold" f-f actor to 
a highway driving distance equal to the first 16.4 km in the 
FHDC minus twice the original distance in the FUDC. The next 
16.4 km in the FHDC would use the "warm" f-f actor, and the 
remainder would use the "hot" f-f actor. For the particular 
example being described, 0.507 km of FHDC is less than 
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16.4 - 2 x 4.81, so at 70°F the entire FHDC segment gets a factor 
£2 of 0.914, as indicated in Table B-17b. The array of fuel con- 
sumption factors for FHDC "cold" starts (one highway cycle) , 
"warm" starts (two cycles) , and "hot" starts (three cycles) is 
indicated in Table B-18. 


Table B-18. Fuel Consumption Factors for the 
Federal Highway Driving Cycle 


Ambient 

Temperature 


"Cold" Starts 
f 1 /f 


"Warm" Starts 
f 1/f 


"Hot" Starts 
f 1/f 


20° F 

0.891* 

1 

.122 

0.947 

1.056 

0.983 

1.017 

45° F 

0.903* 

1 

.107 

0.959 

1.043 

0.981 

1.019 

70° F 

0.914 

1 

.094 

0.971 

1.030‘ 

1.000 

1.000 

100°F . 

0.841* 

1 

.175 

0.861 

1.161 

0.882 

1 ,134 


*Extrapolated from 70®F value and other values In the absence 
of actual data. 


The third segment of this trip is 4.81 km of the FUDC (starting 
at 5.32 km and ending at 10.13 km) . One could make an argument 
that this would correspond roughly to the "stabilized" portion 
of the driving cycle of Reference B-4 (see Tables B-10 through 
B-14) , but the fuel economy in this segment is higher than the 
reported FTP fuel economy, and that seems unreasonably optimistic. 
Therefore, the f- factors were based on the FTP fuel economy 
reported in Table B-9. [For example, the value of f 3 for 20°F 
was determined by dividing the FTP fuel economy at 20°F (12.9 mph) 
by the FTP fuel economy at 70°F (14.8 mph).] These values are 
shown in Table B-17c. The values of Table B-17 can then be used 
to calculate the fuel consumption for the trip of 10.1 km: 


0.400 




C + 0.031 — C 

UDC f 2 HDC 


(B-10) 


where 




2.707 

20 

2.375 

45 

2.133 

70 

2.320 

100 


(B-U) 


* 


For trips that do not correspond to a cold start (for example, a 
trip which begins an hour after a previous trip) , the assumption 
of a cold start is not valid. Different factors are required to 
represent this "warm" start. Lacking data about such factors, 
we assumed that they would correspond to the addition of some 
fixed distance (say, 3.22 km) to the trips made from a cold 
start. In other words. Figure B-5 could be used to generate the 
f-factors by adding 3.22 km to the trip length for the first 
segment, so that f-factors corresponding to 8.03 km, instead of 
4.81 km, would be used. For the second and third segments of the 
trip, the f-factors would be the same. The new values of f' x , 
1/fp and 1/f^ + l/f 3 are shown in Table B-19. 


Table B-19. Fuel Consumption Factors for Trip Length 
of 10.1 Kilometers from Warm Start 


Ambient 

Temperature 

’- f , 

f , 

V f , 

1 1 
V f 3 

20° F 

0.273 

0.727 

1.376 

2.523 

45° F 

0.164 

0.836 

1.196 

2.261 

70° F 

0.061 

0.939 

1.066 

2.066 

100°F 

0.148 

0.852 

1.174 

2.303 


B. 2.6 Summary 

Similar logic was used for the remaining trip lengths. The 
particular assumptions are indicated in Table B-20. The results 
are as follows: 
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Table B-20 . Assumptions for Various Trip Lengths (TL) 


TL ■ 2.95 kilometers: Use same factors for SAE J227a (£) and FUOC. 

TL =* 10.14, 19.5, 30.4, 42.0 kilometers: 

Apply “cold" FHDC factors to first 16.4 km of FHDC minus twice 
the first segment FUDC distance; apply "warm" FHDC to the 
remainder of highway driving; use FTP fuel economy for last 
FUDC segment. 

TL ■ 60.0, 78.4, 113.3, and 309 kilometers: 

Apply "cold" FHDC factors to first 16.4 km; apply "warm" FHDC 
factors to second 16.4 km, and apply "hot" FHDC factors to the 
remainder. 


TL - 2.96: C - [7.877 C ^ + 0.0271 C^l (B-12) 

where 


Cold 


Warm 

2.439 

20° 

1.460 

1.818 

O 

in 

1.250 

1.408 

70° 

1.094 

1.290 

100° 

1.181 


TL - 10.14: C - 0.400 C^, * 0.031 C HD< . 

where 


Cold 


Warm 



2.707 

20® 

2.523 

j 1.122 

20 

2.375 

O 

in 

*j> 

2.261 

K « 1 ' 107 

45 

2.133 

o 

o 

r* 

2.066 

K 2 1.094 

70 

2.320 

100° 

2.303 

( 1.175 

100 


(B-13) 


(B-14) 


(B-15) 
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0.435 K „ C rm _ + 0.548 K, C __ 
13 (JDC 2 HDC 


(B-16) 


Cold 


Warm 


2,400 

20° 

2.234 

1.100 

20* 


2.209 

45° 

2 *108 . 

1 1.086 

45* 

(B-17) 

2.057 

70* 

1.999 2 

1 1.073 

70* 

2.135 

100° 

2.121 

, 1.170 

100* 


4: C - 

0.361 

K 13 C UDC + 1 * 323 

K 2 C HDC 


(B-18) 

Cold 


Warm 




2.481 

20* 

2.270 j 

1.080 

20* 


2.257 

45* 

2-139 . 1 

2.011 2 

1.066 

45* 

(B-19) 

2.087 

70° 

1.053 

70* 

2.144 

100° 

2.124 | 

1.666 

100* 


0: C » 

0.238 

K 13 C UDC + 2 * 21 ° 

K 2 C HDC 


(B-20) 

Cold 


Warm 




2.725 

20* 

2.342 1 

1.066 

20* 


2.391 

45° 

2*173 K - 

1.052 

45* 

(B-21) 

2.175 

70° 

2.037 2 

1.042 

70* 

2.172 

100* 

2.129 

1.158 

100* 


0 : C ■ 

3.657 

K 2 C HDC 



(B-22) 

Cold 


Warm 




1.056 

20* 

1.045 




1.050 

45* 

1.040 



(B-23) 

1.034 

70* 

1.024 



1.153 

100* 

1.148 
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■ v.~'- 




TL 

m 

78 

.4: C • 

4.775 

K 2 C HDC 

where 



Cold 


Warm 




1.047 

• 

o 

Cl 

1.039 




| 1.043 

45° 

1.035 

K 2 

m 


| 1.026 

70° 

1.018 




( 1.148 

100* 

1.145 

TL 

m 

113.3: C 

« 6.902 

K 2 C HDC 

where 



Cold 


Warm 




1.038 

• 

o 

CM 

1.032 




1.035 

45° 

1.030 

K 2 

m 

< 

1.018 

70° 

1.013 




1.144 

100* 

1.142 

TL 

m 

309: C « 

18.824 

K. e 
2 HDC 

where 



Cold 


Warm 




1.025 

O 

O 

CM 

1.022 

K 2 



1.025 

45* 

1.023 



1.007 

70* 

1.005 




1.138 

100° 

1.137 


and where 



As an example, suppose that 

FE 227 * 4.25 km/liter 

FE„^„ ■ 5.95 km/liter 
UDC 

FE. t __ “ 8.50 km/liter 
HOC 


(B-24) 


(B-25) 


(B-26) 


(B-27) 


(B-28) 


(B-29) 


(B-30) 


(B-31) 
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Since the J227a(B) cycle# PUDC and FHDC have lengths of 0.326 km, 
12.05 km and 16.4 km# respectively# the fuel consumed in each 
cycle is 


C 227 “ 

0.079 

liter 


C UDC " 

2.024 

liter 

(B-32) 

C HDC " 

1.931 

liter 



Substitution into the previous equations for cold-start fuel 
economy at 70*F yields the fuel consumption and fuel economy 
values shown in Table B-21. 


Table B-21. Example Fuel Economy Results (70*F) 


Trip Length 
(kilometers) 

Fuel Consumption 
(liters) 

Fuel Economy 
(km/ltr) 

2.96 

0.949 

3.120 

10. 14 

1.794 

5.650 

19.5 

2.949 

6.602 

30.4 

4.21> 

7.215 

42.0 

5.496 

7.644 

60.0 

7.298 

8.222 

73.4 

9.456 

8.290 

113.3 

13.56 

8.354 

309. 

36.59 

8.443 


We realize that the assumptions made here are "strong" in the 
statistical sense, and may in fact be unrealistic for certain 
conditions. It rs cur intention to update these numbers as better 
information becomes available. But our present concern is pri- 
marily with establishing the methodology from start to finish. 
Single runs of CARSIM over each of the three driving cycles 
should produce the fuel consumption data that we need for various 
trip lengths, ambient temperatures and warm-up conditions. It 


<r 
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may well be, however, that CARSIM will not be able to distinguish 
between bags 1 and 3 of the FUDC, since it does not model warm-up. 
In that case it may be necessary to revise this methodology. 
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INTRODUCTION 


In designing a near-term hybrid vehicle, it is necessary to first 
establish a data base which will help to define how the vehicle will be 
used. The petroleum savings resulting from the use of hybrid vehicles 
will depend upon the portion of daily travel that can be accomplished 
on the stored electrical energy. Therefore, the vehicle's design must 
take into account how the vehicle will be driven: the vehicle's daily 

range, the frequency of trips, the sped it must attain, the terrain 
it crosses, where it is parked and so forth. This report contains data 
which describe the travel patterns of drivers and how they use their 
vehicles. 

To determine the minimum requirements for range, speed, and 

capacity in typical kinds of driving, a previous GRC study^ made a 

detailed new analysis of existing travel data. To delineate the detailed 

distributions of range and trip frequency, the original data tapes from 

2 3 

two extensive urban origin-destination travel surveys ’ were processed. 
Los Angeles was chosen for analysis because of its size and its historic 
dependence on automotive travel. Washington, D.C. was selected because 
its survey was made at about the same time as the Los Angeles survey 
and because it differs from Los Angeles in potentially important ways: 
it is much smaller, and much more dependent on public transportation. 

Data from these two surveys correlate well with transportation data 
taken from other sources. Therefore, when the data from each survey are 
taken together, the result indicates a range of vehicle use representa- 
tive of driving in urban areas across the country. 


^W. F. Hamilton, Prospects for Electric Cars , General Research Corporation 
CR-1-704, November 1978. 

2 

'LARTS Base Year Report: 1967 Origin-Destination Survey , Transportation 

Association or Southern California, Los Angeles, December 1971. 

3 

The Home Interview Survey - What and Why , National Capital Region Trans- 
portation Planning Board, Washington, D.C., February 1968. 
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The bulk of the detailed data in this report is based on the 
Los Angeles and Washington, D.C. origin-destination surveys, but a 
number of other sources were also utilized including the Nationwide 

Personal Transportation Study (1969),^ the 1974 National Trans portation 

2 3 

Study , the Federal Highway Administration’s publication Highway Statistics 

and others. 

The design of the hybrid vehicle is to be based on specific vehicle 
uses or "missions." Previous examination of the travel data has lead to 
the division of drivers into three groups with widely differing travel 
patterns: primary, secondary, and only drivers. No other groups of 

drivers were clearly distinguisable on the basis of their reported travel. 
Primary and secondary drivers are from multi-car, multi-driver households, 
where the primary driver is defined as the driver who travels the great- 
est distance each day. Secondary drivers are the other drivers at multi- 
driver households. The only driver is from a one-car, one-driver house- 
hold. Drivers sharing a car were not included in the data processed. 

Drivers in each of these classes use their cars differently and require 
different capabilities of their 'vehicles ; that is each driver class per- 
forms a different "mission". Wherever possible, thu travel data in 
this report has been split out by these three driver classes. It is 
interesting to note that the data for the only driver class is very close 
to the average for all drivers taken together. Information on another 
specific vehicle use, taxis, is also included in a separate section. 

^Nationwide Personal Transportation Study , U.S. Department of Trans- 
portation, Federal Highway Administration, Washington, D.C., April 1972. 

2 

1974 National Transportation Study , U.S. Department of Transportation, 
Washington, D.C., February 1975. 

3 

Highway Statistics , U.S. Department of Transportation, Federal Highway 
Administration, Washington, D.C., Annual. 
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In addition to data on vehicle travel, this report also contains 
information on cargo capacity, availability of off-street parking 
(as required for battery recharging) and accident involvement rates based 
on the acceleration and gradeabi*ity capability of the hybrid vehicle. 


3 




r 



2 DISTRIBUTIONS OF DAILY TRAVEL 
! 2.1 TRAVEL LESS THAN SPECIFIED RANGE 

lr 

Daily travel data were derived from the Los Angeles and Washington, 
D.C. origin-destination surveys. Distributions of reported driving dis- 

> tance for the three driver groups are shown in Table 2.1. The columns 

! contain cumulative percentages, with the left-hand figure representing 

Los Angeles data, the right, Washington, D.C. Each distribution is 
displayed graphically in Figs. 2. 1-2. 3 with the lower edge of each 
i band corresponding to the Los Angeles data points. The Los Angeles 

! and Washington data do not show the length of trips beginning or ending 

> outside the urban area. Thus, Table 2.1 and Figs. 2. 1-2. 3 apply only 

| to urban driving. Roughly, one percent of all trips reported on the 

. survey day began, or ended outside the survey areas. The data do not 

| account for long distance travel, such as vacation trips, made by 63 

i 1 * 

j percent of households. A GRC report has estimated that 35 percent of 

personal cars take round trips in excess of 320 km. Also the distribu- 

| tions cannot be applied to rural drivers who tend to drive greater dis- 

| tanc.es than urban drivers. 

( The distributions were developed from information on individual 

trips during the survey day; therefore the data refer to the distribution 
of a number of drivers on a single day. If the assumption is made that 
the drivers form a homogeneous group (checks within each driver groups 
revealed no significant differences) , the data also give the distribution 

I 

j of travel by an individual driver over many days. 

Column set A shows the distributions of travel reported by drivers 
cn the survey days. In Washington, the travel per driver was considerably 
less than in Los Angeles, and the difference is greater at the longer 
ranges as might be expected from the smaller size of the Washington 
region, which limits the opportunities for long urban trips in a single 
day. The average daily distance per driver is 50 km for Los Angeles 
and 33 ;. for Washington, D.C. 

Hl.M. Collins, Automobile and Light Truck Range Keoulrements (draft). 
General Research Corporation LM-2193, December 1978. 


4 


DISTRIBUTIONS O 1 ' DAILY TRAVEL VERSUS DISTANCE IN 
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Figure 2.1. Percent of Drivers Reporting Less Than the Specified Driving 
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Figure 2.3. Percent of Total Driving Distance Less Than Specified Driving 
Distance 


AW- 52 n 3 


The second set of columns (B) shows the percent of total travel 
reported by drivers who drove less than a given distance. This data 
indicate the percentage of total driving distance which could be 
accomplished by range-limited (e.g., electric) cars. Even if a car of 
this range were useless on all other days requiring more travel, it could 
serve this percentage of total driving distance. 

Column set C shows the percent of all driving within a specified 
range. This data indicates the percent of total driving distance which 
could be accomplished on an electric propulsion system of a given range 
in a hybrid car. The distribution assumes that the entire electric 
range is useful on every day requiring a longer total range. 

Table 2.2 shows the average daily and annual ranges and the annual 
range of the 95th and 98th percentile dirvers in Los Angelas and 
Washington. When working with the assumption that the distributions of 
daily travel in Table 2.1 can be used to represent travel by one driver 
over many days, annual ranges cannot be directly calculated by multiplying 
the daily driving distance by 365. A 95th percentile driver on the 
survey day is expected to drive as far on only 5 percent of his driving 
days. 


If we assume that each driver's travel is uncorrelated from day to 
day, the Central Limit Theorem says that the mean and variance of the 
annual travel will be 365 times the mean and variance of the daily 
travel. 

The mean and variance of the daily travel can be calculated 
directly from the distributions in Table 2.1 using the technique 
shown in the appendix. Once the mean and variance of daily travel 
are known, the 95th and 98th percentile distances are found with the 
aid of standard normal (Gaussian) distribution tables. The 
95th and 98th percentile points occur at 1.645a and 2.054a res- 
pectively, where a is the standard deviation. For example. 
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DAILY AND ANNUAL DRIVING DI STATIC 
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if the mean and variance of the daily travel distribution are 35 km 
2 

and 300 km , then the mean and variance of the annual travel are 
12,775 (- 365 * 35) km and 292,000 ( - 365 * 800) km 2 . The standard 

l/”) 

deviation of annual travel is only 540 km (■ 292,000 “) so the 

95th and 98th percentile travel ranges ate 13,664 km and 13,885 km. 

Note that the above approach leads to a distribution of annual 
driving which is relatively narrow, i.e., the ratio erf standard devia- 
tion to average is small. This occurs because the average increases as 

1/2 

N while the standard deviation increases as H , where N is the 
number of days (305 in this case). 

In Table 2.2 both the survey and derived daily ranges are included 
for comparison. Note that these ranges are essentially the same for 
each comparable case. This serves as a check on both the consistency 
of the tabular di suributiens and the method used to derive the mean 
(average) and variance of the daily driving distribution. 


As mentioned earlier, the derived annual distributions are relatively 
narrow. The actual distributions are undoubtably wider for several 
reasons. One, the survey only recorded trips which were taken entirely 
within the survey area, thus excluding some long trips. Two, the survey 
may not have accurately sampled drivers who are constantly on the road 
for their livelihood, e.g., salesmen, truck drivers, etc. And three, 
the assumption that all drivers on the survey day give accurate statis- 
tics for a driver on all days nay introduce appreciable errors at the 
extreme driving ranges. 

A number of studies have collected data on the average distance 
traveled. Table 2.3 shows the average annual vehicle kilometers traveled 
per personal passenger vehicle as estimated by several sources. The 
overall average is about 16,000 kilometers per vehicle, and has remained 
reasonably constant throughout the years surveyed. The annual kilometers 
estimated from the Los Angeles and Washington, D.C. are within the 
range of estimates provided by other studies. 
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TABLE 2.3 

PERSONAL PASSENGER VEHICLE ANNUAL TRAVEL 


Source 

Daca 

Year 

Annual Vehicle 
Kilometers Traveled 

Los Angeles Origin- 

Dost. illation Survey 

1907 

16,947 

Washington, D.C. Origin- 

Destination Survey 

1968 

11,682 

Nationwide Fersonal 

Transportation Study 

1969 

18,6/6 

JPL Estimate for Hybrid 

Vehicle Study (Eased on NTTS) 

1975 

17,466 

Highway Statistics ( FIN 'A) 

1969 

15,749 


1970 

16,065 


1971 

16,295 

/ 

1972 

16,396 


1973 

16,087 


1974 

15,285 

National Transportation Study 

1972 


Large Cities (23) 

Average 


15,2<:3 

Range 

Smaller Cities (23)^ 


11,011 - 20,933 

Average 


17,555 

Range 


9,415 - 21,044 

* 

Cities with 1972 population over 

one million. 


Cities with 1972 population between 250,000 and 

500,000. 
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2.2 TRIP FREQUENCY AND AVERACE TRIP DISTANCE 

The distribution of the number of driver trips per day shown in 
Table 2.4 was developed from the Los Angeles and Washington, D.C. origin- 
destination surveys. The data indicate that the 95th percentile only 
drivers in Los Angeles average five more- trips per day than Washington 
only drivers while covering 62 more kilometers (see Table 2.5). Dividing 
the daily range by the number of trips would indicate that the average 
trip distance in Washington, D.C. (11.3 km) is about the same as in 
Los Angeles (12.3 km). 

The actual joint distribution of trip frequency and trip distance 
has not been calculated. Examination of the 10 percent of secondary 
drivers who make the longest trips reveals that they make both longer 
trips and more frequent trips per day. 

The Nationwide Personal Transportation Study found that over half 
of daily trips r.rc less than 8 kilometers long. Of the 23 large cities 
examined from the 1974 National Transportation Study, the average 
trip distance was 10.6 kilometers; in smaller cities the average was 

8.2 kilometers. 

2.3 FREEWAY TRAVEL 

The data on the percent of urban travel on freeways, presented in 
Table 2.6 were obtained from the 1974 National Transportation Study . The 
information is from a previous GRC report^ - which processed data from 
46 geographically distributed cities, 23 large cities with populations 
over one million (1972) and a like number of smaller cities with one- 
quarter to one-half million in population. 

The overall city average puts the portion of travel on freeways at 
about 28 percent; but the range is quite large, varying from less than 


Hi. M. Collins and L. liorecraft, Applicability of Existing Regional Data 
to National Impact Analysis for Urban Electric Cars , General Research 
Corporation IM-2045, June 1976. 
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TABLE 2.4 

DX SIR I BUT IOWS OF DRIVER TRIPS PER DAY 


Trips 

par 

P -2Y 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 


Secondary Only Primary 


Los Angeles Washington 

Los Angeles 

Washington 

I.os Angeles 

Washington 

1.9 

3.2 

1.5 

2.8 

0.9 

1.0 

40.9 

63.9 

36.2 

55.9 

26.5 

43.7 

51.8 

68.9 

44.5 

61.7 

31.7 

48.6 

65.1 

87.8 

58.6 

83.2 

45.8 

73.0 

75.4 

90.0 

69.5 

S5.8 

55.3 

76.7 

Gl.l 

95.6 

76.8 

92. S 

63.4 

86.8 

86.4 

96.3 

82.1 

94.2 

70.8 

88.9 

89.9 

98.2 

86.7 

96.7 

76.1 

93.3 

92.5 

9S.5 

89.4 

97.3 

80.5 

94.5 

94.5 

99.3 

92.3 

98.3 

84.7 

96.2 

95.8 


93.9 

98.7 

87.2 

96.6 

96.8 


95.3 

99.1 

89.6 

97.6 

97.7 


96.4 


91.8 

98.0 

98.3 


97.2 


93.4 

98.6 

93.9 


97.7 


94.3 

98. 9 

99.1 


98.2 


95.3 

99.1 



98.5 


96.1 




98.8 


96.9 




99.1 


97.4 






97.9 






98.2 






98.6 






98.8 






98.9 






99.1 


Source: 

Los Angeles and 

Washington , 

D.C. Origin- 

-Destination 



Survey 
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TABLE 2.5 

DAILY RANGE AND TRirS PER DAY 



95th 

98th 

Trips per Dav 


Percentile, 

Percentile, 

95th 

98th 


km 

km 

Percentile 

Percentile 

Secondary Drivers 





Los Angeles 

77 

105 

10 

14 

Washington 

54 

67 

6 

8 

Only Drivers 





Los Angeles 

147 

218 

12 

16 

Washington 

85 

113 

7 

10 

Primary Drivers 





Los Angeles 

218 

285 

16 

20 

Washington 

110 

145 

9 

13 

Source: Los Angeles and Washington, D.C. 

A 

Ovigln-Dastinatisn Surveys 


TABLE 2.6 

PERCENT OF TRAVEL ON FREEWAYS 


Percent Freewav Travel 


Los Angeles 38.6 

Washington, D.C. 38.2 

Large City Average 33.5 

Small City Average 23.1 

Total Average (46 cities) 28.3 

Range 7.4 - 54.2 


Source: FHVA's 1974 National Transportation Study 
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10 co over 50 percent freeway driving. As might be expected, smaller 
cities, which would have less developed highway systems, show about 
10 percent les* freeway driving than the large cities. The data point 
for Washington, D.C. seems suspiciously high, since the only major 
freeway system at the time was the Beltway which encircles the city, 
but the 39 percent freeway travel in Los Angeles agrees well with other 
data sources. 


2.4 TRAVEL SPEED 

The average travel speeds on freeway:; and surface streets shewn 
in Table 2.7 were gathered from the 1974 y.ncional Tran cporr.nt ton Study . 
Average steeds are higher in smaller cities, most likely a reflection 
of traffic density. The travel speeds are taken to be the 24 hour 
averse moving speed attained on the roadway, as the speeds here are 
considerably higher than other estimates obtained by dividing trip 
distances by trip times, which would include time stopped at intersec- 
tions, etc. (an do the SAE and Federal driving cycles). Theca data 
were collected prior co the 1974 imposition of the 55 mph speed Unit; 
present speeds would be expected to be slightly lower for freeway driving, 


The 1974 Highw a y Statistics contains data on the average speed 
of passenger cars on urban primary and secondary roads and suburban 
primary reads, "'here data show lower speeds on primary roads reflecting 
the imposition of the 55 mph speed limit. Data on median time and 
median distance to work for various cities are shown i:i Fig. 2.4. As 
would be expected, workers in smaller cities travel shorter distances 
to their place of employment and workers in larger c^i^s spend a 
greater amount of time commuting. Of tiia 41 cities surveys*’, the 
great majority lie between the 30 km/hr and 40 km/hr lines in Fig. 2.4. 
This would be a good indication of the average speeds attained during 
the peak traffic hours. 


Selected Characteristics of Travel t o Wcjrk in 20 Morro n olitnn Are as: 
1975 and 1976 , U.S. Department of Commerce, Bureau of the Census, 
Series b-23, No. 68, February 1978 and Series P-23, No. 72, September 
1978. 
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TABLE 2.7 
AVERAGE SPEED 


National Transportation Study 
Data (1972): 

Freeway, 

km/hr 

Surface Street, 
km /hr 

Los Angeles 

88.6 

46.7 

Washington, D.C. 

86.9 

48.3 

Large City Average 

81.2 

43.6 

Smaller City Average 

86.9 

47.7 

Total Average (46 cities) 

84.1 

45.6 

Range 

61 - 106 

32 - 69 


Average S^fid of Passenger 
Carr., hm/hr 

68.4 

52.2 

77.1 


1974 Highway Statistics Data : 

Urban Primary Roads 
Urban Secondary Roads 
Suburban Primary Roads 
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□ CITIES WITH OVER 750,000 WORKERS 
O CITIES WITH UNDER 250,000 WORKERS 



Source: Census Bureau's Selected Characteristics of Travel to Work 

in 20 Metropolitan Areas 1975 and 1976. 

Figure 2.4. Median Travel Time for Work Travel in a Vehicle 


AN-S3093 
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ClIARACTRISTTCS OF VEHICLE USE 


3.1 TRIP PURPOSE 

The best information available on this purpose is from the 1*69 
Nationwide Personal Transportation Study . Those data have already been 
compiled in the JPL Hybrid Vehicle Potential Asseasugn it^ report. 

Rather than cotnplicata the issue with data from ether, less complete 
sources, the JFL tabic is reproduced in Table 3.1. 

Work trips are the r.ajor recurring class of trips accounting 
for 36 percent of all trips end 42 percent ci vehicle travel annually. 
Social and recreational trips are shorter and Ie3s frequent (22 percent 
of trine) than ether trips but still account far a third of the dis- 
tance traveled each year. 

3.2 VEHICLE OCCUPANCY 

The number of vehicle occupants (driver pies passengers) noted in 

the Los Ar.gr 1 es and Washington studies is presented in Table 3.2. 

» 

According to these data, the passenger requirements of over 95 percent 
of trips could be fulfilled by a four-seated car. A five-passenger car 
which would satisfy the space needed for about 98 percent of all trips. 
The JPL study^ includes vehicle occupancy data broken out by trip pur- 
pose. Thin inf oritur ion from, the N>.: for* .’ido F nrsr. ral Tran sportation 
Study is reproduced in Table 3.3. 

3.3 CARGO PAYLOAD 

The trunk or cargo space figures for all car models (excluding 

station wagons and two-seaters) were taken from the EPA’s 1973 

2 

California Gas Mileage Guide . Table 3.4 shows the average cargo space 
along with the range of trunk sizes available in each car class. The 

^F. Surber, Hybrid Vehicle Potential Assessm ent, T nterin Progress Re p ort , 

Draft, Jet Propulsion Laboratory 3030-162, Pasauena, California, 

February 19 7R. 

2 

1978 Gas Mileage Guide, California , U.S. Department of Energy, U.S. 
Environmental Protection Agency, Washington, D.C. February 1978. 


HOUSEHOLD TRAVEL DISTRIBUTION BY 77? IP PURPOSE 
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VEHICLE OCCUPANCY 




sis 

fro* the Nationwide Personal 7 rar-, p^rtiulon Survey conducted by the Bureau of the Census for 
1969-197C . 


































































larger spaces are associated with hatchback models. Weighting the average 

cargo space by the sales in each class yields an average cargo space of 

3 3 

0.44 m for cars sold. The 95th percentile space is 0.62 m , the 98th 

3 

percentile is 0.C5 m . These statistics do not necessarily represent the 
desired cargo space, since this dimension is only one of many features 
figuring into the car-buying decision 


TABLE 3.4 

CARGO STAGE AVAILABLE 
1978 MODEL CARS* 


Average Space, 


n- 


Snace Rar.v.e, n" 


Subcompacts 

0.28 

0.14 - 0.51 

Compacts 

0.40 

0.23 - 0.59 

Kid-sized 

0.46 

o 

« 

0 

1 

o 

^4 

Larga-siricd 

0.58 

0.48 - 0.65 


Sales Weighted Average 
95th Percentile Cargo Space 
98th Percentile Carc«> Space 


0.44 m 3 
0.62 m 3 
0.65 ta 3 


* 

Station wagon and two-seater model excluded. 


Sour c e : EPA*s 1978 Gas Mil o .vac Gu i de , Ca 1 i f orn ia 
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VEHICLE LOCATION 


The figures in this section have been estimated from data collected 
in the Census Bureau's Annual Housing Survey . ^ The survey questionnaire 
asked for the number of cars available to the household, but does not 
define the term "available". Presumably "available" would include not 
only cars owned by and registered to the household members, but also 
leased, rented, and borrowed cars and company or fleet cars available 
for personal use. 

The automobile data sre split into those at one-car households 
and those at multi-car households. This division does not exactly 
match the breakout of driver classes (i.e., only drivers and primary/ 
secondary drivers) because the origin-destination survey data reported 
here excluded households where drivers shared a car. Therefore, the 
number of one- car households in greater than the number of only drivers, 
since ona-ctr households with more than one driver were eliminated from 
the data. Yet reasonable estimates can bo obtained by ignoring this 
distinction because of the low occurrence of vehicle sharing. In 
Los Angelas, only 12 percent of drivers reporting trips came from 
households where sharing a vehicle was necessary. In Washington, 
only 9 percent of drivers shared a car. These percentages will decline 
in the future; as automobile ownership continues to rise; nearly every 
driver will have his own car. 

In this section, the term "Urban area" refers to Standard 
Metropolitan Statistical Areas (SMSAs) , each of which consist of a 
county or group of counties that contain one or more central cities 
with populations over 50,000. 

4.1 AVAILABILITY OF CARS WITH OFF-STREET PARKING 

Since off-street parking is required for residential recharging, 
it is necessary next to estimate the number of cars available with 

^ Annual Housing Survey , U.S. Department of Commerce, Bureau of the 
Census, and U.S. Department of Housing and Urban Development, 
Washington, D.C., Annual. 
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off-street parking. The estimates must also distinguish between cars at 
single-family units and at multi-family units, where recharging facili- 
ties may be more difficult to obtain, and between cars serving the three 
major classes of drivers! secondary, primary, and only drivers. Recently- 
published reports of the Annual Housing Survey summarize this informa- 
tion for owner- and renter-occupied units, together with the availability 
of cars at these units. 

All housing units in Survey reports arc broken down according to 
whether they are occupied by owners or renters. Furthermore, detailed 
tabulations are available only for certain specific types of housing 
units. "Specified owner-occupied" units are owner-occupied single- family 
homes on ten acres or less, with no business on the property. "Specified- 
renter-occupiod” units include most renter-occupied units, but exclude 
single-family renter-occupied units on ten ncres or more. 

As Table 4.1 indicates, these two classes of occupied units amount 
to substantially less than the national total — about 15 percent less. The 
remaining units are largely rural single-family rentals, single-family 
owner-occupied homes on ten acres or more, or with a business on the 
property, and owner-occupied multi-family housing units. To include the 
units omitted in the two classes for which parking availability is 
published, it is necessary to extrapolate from Table 4.1. The results 
of 3uch an extrapolation are summarized in Table 4.2. 

The extrapolation was made in three steps. First, specified 
renter-occupied housing units were simply scaled up, assuming that the 
added units were like those tabulated, to give totals for all renter- 
occupied housing units. The necessary scaling factor is very near unity for 
this step. Second, single-family units which were renter-occupied were 
subtracted from the renter categories and added to specified owner- 
occupied units to approximate all single-family housing units. For 
this step, the single-family renter-occupied units were assumed to have 
the same numbers of cars per unit, and the same availability of off- 
street parking, as the specified renter-occupied units. This tends to 
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US Bureau of the Census, Annual Housing Survey: 1974 , Parts A and C 


ESTIMATED AVAILABILITY OF CARS AND OFF- STREET PARKING 
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v tdmate the number of cars, but to overestimate the availability 

i king, since rented single-family units probably have more cart and 
off-street parking than multi-family units. Third, the renter- 
.upied housing units found in the first step were scaled up to Include 
< ner-occupied mulfi-fnmily housing units. The ovmer-occupiud units 
were assumed to have the same auto availability and parking availability 
as specified renter-occupied units, again a conservative assumption. 

The results of this expansion are shown in Table 4.2 for various 
geographic breakdown, including single SKSAa which constitute major 
parts of the survey regions tor Los Angelca and Washington* The estimate 
of core available at all occupied units in Table 4,2 is about 3-1/2 
percent below that, reported in the Annual Hons ins Survey . For cars avail- 
able in 5.! IS As, however, the undarestimrue is less: only 2-1/2 percent. 

Xliece underestimates appear insignificant relative to other uncertainties 
involved in using the data. 


The principal uncertainty io in tVa meaning of "units with parking" 
in Tables 4.1 and 4.2. For single-family units, the Annuel Housin g 
Survey asked whether there was a garage or carport on the property. It 
did not determine the availability of other off-street parking, which 
might be in yards cr driveways. At multi-family unite, the Survey 
determined only vbc*i:I,.r parking facilities were included in the vent. 

The availability of other facilities, or the nature and location of 
facilities included In the rent, wore not reported. 


The figures for units with parking in Tables 4.1 and 4.2 are thus 
far from definitive. They do not show yard or driveway parking which 
may be available at single-family units, and they do not show the numbe~ 
of off-street parking spaces available per unit, at either single-family 
or multi-family housing units. No better figures, however, were located 
for use in this analysis. 


The lower portion of Table 4.2 shows the percentage of the total 
cars in each column which are at one-car, two-car, and three-car housing 
units. It also shows percentages at single- and multi-family housing 




units, so they may be combined directly with the percentages of these 
types of units having off-street parking. 

It is especially noteworthy in Table 4.2 that in Washington, D.C., 
only 54 percent of the single-family unit* had a garage or carport. This 
is much less than in Los Angeles, where 94 percent reported having a 
garage or carport, or in the United States as a whole, where 78 percent 
reported having a garage or carport. The implication is that the applica- 
bility of hybrid c may be much less in areas like Washington than 

in euto-oriented t as like Los Angelos. 

It is also i Jitla that single-family units in Wash lug Lon fre- 
quently provide c'\ -street parking in yards and driveways rather than 
in garages or carp arts. Unfortunately, the Washington origin-destination 
survey (unlike the Los Angeles survey) did not record the availability 
of off-street parking at residences, aud an effort to locate other rele- 
vant descriptive data was unsuccessful. 


Tables 4.3 end 4.4 correlate parking and auto availability with 
the house value or gross rent of the housing unit. The house value (for 
specified owner-occupied housing) and the gross rent (for specified 
renter-occupied housing) are used as proxy variables for household in- 
co;;o, with which they are positively correlated. The data source ( 1974 
Annual housing Survey) did not list parking and auto availability by 
household income, but the median household income is give;: for each house 
value and group rent division. These data have been taken directly from 
the Survey and have not been adjusted as have the data in Table 4.2. 

The data show the expected result of auto availability increasing 
with household income. The higher the value of specified owner-occupied 
houses, the more likely the house has a garage or carport. The vast 
majority of rented units have parking includes, regardless of the 
monthly rent. 
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PARKING AKI) AUTO AVAILABILITY BY VALUE Or LCL'SE SPECIFIED H/NER OCCUPIED DOUSING 



PARKING ANT AUTO AVAILABILITY BY GROSS Xif *7 Sr2CI?IZD ^Sil'ES OCCUPIED HODSING 
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4.2 URBAN-BASED CARS 


Table 4.5 shows the percent o t cars avail] able to households located 
in urban areas. The urban areas (i.e., in SMSAs) are broken down 
Into central cities and the remainder of the counties outside the incor- 
porated limits of the central cities. This breakout is intended to 
estimate urban and suburban regions. The areas outside the SMSAs may 
be considered rural. Approximately 3 percent of private care are not 
accounted for in t'nir table. 

Cnc-car households arc about evenly distributed between urban, 
suburban, and rural iu«t*s, while nearly half the c.jrr> in multi-cot 
household?: are located in suburban regions. 


TABLE 4.5 
URBAN MSEC CASS 

Source: U.S. bureau of Census’ /..mw.' llovr >.?. Survey 


Urban 



Total 

Inside 

Outside 

Rural 


Inside 

Central 

Central 

Outside 


SUSA:: 

Cit i-r 

Cit? 

SKRAf* 

At Cne-Co; Households 

25.3 

11.8 

14.0 

11.9 

At Multi-Car 

HoutehciJa 

44.2 

15.?. 

29.0 

15.2 


The applicability of car* requiring electric recharging aa of 1974 
nay ba simply estimated from the auto and parking availability data in 
the above tables. Table 4.6 breaks down cars available at residences 
according to their location (urban or rural) , their function (secondary, 
only, or primary car), and the type of unit at which they are perked. 

The table shows a range of values for each entry, corresponding to cars 
at unite with parking available and cars at all units. Only ..’rs are, 
of course, those at one-car households in Table 4.2; primary cars are 
the first ears at two- and three-car households ,* and secondary cars are 
ell other cart*. 


1'ABLK 4.6 

AVAIIAEIMTV OF CARS VZ FUNCTION, 1974 
Source*. 7.3. St rcau of C ♦•/.cr.c* A* inua? Hcuni .<c S urvey 


Ve/'Cei;*.- Urban f.*vs 


Percwit .-■on-Urh-tii Carp 


Secondary Cars 

(>■'? Cavm 
Irir^ry C.v.. 


At Single- 
Vaaily Unita 

22 - 23 * 

17-:.?. 
.U--22 . 


At Multi- 
Familv Units 

6.2-6. 7 +t 

14-3.:* 

5.5-C.O 


At Single- 
Faailv Units 

19 - 26 + 


t 


3 * # 


At Multi- 
Familv Uni ts 

4.1-4.8 t+ 

30-11 


v. 


xu L .. •> *j 


A*. 


Kot in SliSAa 


t 


tt, 


Firet figure only xr.clud*.s cars cl, unit3 v.Uh garage or carport. Scccnd 
figure includes errs at unita without garage or carport. 

First figure only Includes ears at units with off-street parking Included 
In rent. Seeond figure includes cars at units without off-streot parkim 
included in rent. 
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ACCT’'~MT RATES 


Accident rates on grades and at freeway access points (frequently 
uphill in urban areas) are closely correlated with the speed differential 
between involved vehicles. 1 This section estimates accident frequency 
as a function of acceleration capability and percent rood grade. 


Gradeability hes bean calculated for a car with sufficient power 
to meet the most strenuous minimum acceleration specification (0-90 km/h; 
in 15 seconds) required by JPI. for the hybrid vehicle. (This power is 
a Is*, sufficient to meet all the uiuimua gradesbility specifications.) 
Figure 5.1 plots velocity versus percent grade for a typical hybrid 
vehicle with the specifications shorn in. Tabic 5.1. 


TABLE 5.1 

RSFEREHCE I.YIRIL) VEHICLE S ? LC 1?1 L AT ICE Z 


Test Weight 1,(53 kg 

Tire Friction 1% 

2 

Aerodynamic Drag-Product Area 0.75 & 

Acceleration 0-90 lan/hr in 15 seconds 


Figure 5.2 indicates accident involvement rates by \ -rictioa from 
average for daylight and night tine operation. The probability 

of an accident increases when a car travels slower or significantly 
fnctrr than other traffic. Traveling faster than the average traffic 
speed is controlled by the driver but traveling slower than traffic 
may bo dictated by the capabilities of the vehicle. 


Combining the data from Figures 5.1 and 5.2, the rate of accident 
involvement cn various grades is calculated and shown in Fig. 5.3. The 
reference vehicle is capable of maintaining the 90 km/hr speed limit 

1 D. Solomon, Accidents on Main Rural Hi g hway:; Polatod to Sneed. Driver. 
a nd Vehicle. U.S. Department of Commerce, bureau of Public Roads, 
Washington, D.C., July 1964. 


Or 
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Figure 5.1. Maximum Velocity at Percent Grade for Specified 
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Figure 5.2. 
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Figure 5.3. Accident Involvement Rate Versus Percent Grade for 
Reference Hybrid Vehicle 


AN-53096 


on all grades of 8 percent or less. Since the maximum grade allowable 
on Federal highways is 6 percent (on which the hybrid can do 112 km /hr) 
the hybrid vehicle would be able to keep up with freeway traffic. The 
decrease in the hybrid vehicle's top speed to below 90 km/hr would increase 
the probable accident rate only on grades over 8 percent, but it is 
unlikely that such steep roads would allow traffic speeds as fast at 
90 km/hr. Therefore, on open roadways the 1 reference hybrid vehicle 
would not have an accident involvement rate significantly higher than 
conventional vehicles. 


To calculate the expected iv./rer of accidents, information is 
needed on the number of vehicle kilometers traveled cn roads .of various 
grades end the average traffic speed maintained . 

Road grade data is net easy to obtain, however. Par!, and Grout 
did make an estimate of urban and rural grader, by terrain type. They 
estimated for the U.f>. as a whole that 63.7 percent of urban highvays 
have grades less tk.’.n 3 percent, 32 percent are. graded between 4 percent 
ami 6 percent, 4 percent have a 6-9 percent grade, and 0.3 par. cent 
of the road miles are at grades greater than 9 percent. These estimates 
were made by comparing Geological Survey elevation maps to Federal 
Highway Administration data on road miles by region. This methodology 
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:cc.'unt for such roadwav constructions as switchback? which 


would allow roads to be less steeply inclined than the grade of the terrain 
the roan traverses. The data then may contain considerable errors, but no 
other road grade data have been located. 


Even if this tenuous data were used, the expected accident rate 
could not be calculated since the data does not include the speed at 
which each grade is traveled. 


*B. Park, S. Grout, Road Grades - U.S. Distri bu tion of Auto Vehic le 
Miles (by Region ar.d Urban/ltural) , Raytheon Service Company, Camb ridge, 
Massachusetts, May 15, 1974. 
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Another safety consideration is the ability of the vehicle to 
attain a proper merging speed after traveling up an inclined freeway 
on-ramp. In California the majority of on-raraps onto elevated freeways 
have a 4 to 6 percent average grade and are 200 to 300 waters long. In 
the case of the moat strenuous on-ramp (200 meters long at a 6 percent 
grade) the reference hybrid vehicle would be able to attain a 75 km/hr 
speed by the end of the on— ramp. Since 65 kra/hr is considered the mini' 
mum safe merge speed, 1 the capabilities of the hybrid vehicle do not 
pose a safety problem when merging onto rn elevated, freeway. 


1 N. Rosenberg, et al., Institutional Factors in Transport a tion Systems 
and Their Potential Mas Toward Vehic.l c.s of Part i cular Chora terlstlc s , 
Transportation Systems Center, U.S. Department of Transportation, 
Cambridge, Massachusetts, August 1977. 
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6 TAXI FLEETS 

In 1977, * survey of fleets was undertaken for the Departv.nnt 
of Energy to assess the potential for alternate technologies in light- 
duty highway fleets.^ - Since the questions were aimed at determining 
the applicability of electric vehicles for fleet use, the data on taxi 
fleet 3 arc helpful in assessing the usefulness of designing a hybrid 
vehicle to meet the requirements of taxi fleets. 


The total cars ir. U.S. taxi fleets numbered about 336,000 in 
1576. The survey included responses from 68 taxi fleets with a total or 
2,C?l passenger vehicles. The cars were divided into three claccss 
bated r>n weight. "Snail" cars were all rcbcomp&eta » "medium" cart. include 
16 pare ant suhconpaccs and 84 percent compacts, and the "large" c.*r 
class w?r. made it*. o.': 31 percent compacts arc! C? percent sid-ci-.ad and 
lar«,c cars. 


Sixty p urcer.t of the taxis, diovc. over 242 hi! abaters par day. An 
implicit daily distance cf 251 kilometers pax vehicle in derive! from 
the average annual vehicle kilometers (91,770 tan). This high daily 
driving distance v’culd mean that the hybrid taxi would probably use 
the gasoline-petered propulsion system part of the time. Only a quarter 
of the vehicles sit idle at a central location for C hours, making 
baf.tcty recharging diCficult r cr the ;..;*jcr ity ».•! 


J. Wagner, J. Naughton, and II. Brooks, Light-Dut y ! ' ghwav fleets: The 

Pot e ntdal for Alternate Tech oolo gies Iti Corner ore ? i c ots and In I'leetr 
Opera ted by State and Lop.ni Co -, a rnmeats , Interim briefing ior department 
of Energy, Economic Analysis Division, national Center of Energy Systems 
Brockhavan National Laboratory, New York, April 1973. 
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TABLE 6.1 
TAXI FLEETS 


To Cal Cars in US Taxi Fleets (1976) 

336,000 


Cars in Taxi Fleets S 

amp .led 


2,071 


Taxi Fleets Sampled 



66 


Average Fleet Size 



30 




Car Si 

zz 



Small 


Large. 

Total 

'.•eight Clar.s , kg 
Daily Rang-. , km 

Under 

1,383 

1,303 

1,500 

- Over 1,583 


C -CO 

33% 

— 


0% 

£1-161 

— 

16% 

2% 

5% 

162-241 

33% 

13% 

40% 

35% 

242 and Over 

33% 

71% 

50% 

60% 

8 Hours Idle at: Central 
Location 

15% 

17% 

nx 

25% 

Not Pequirir.g Highway 
Capability 

— 

49% 

38% 

40% 

Z Hours Tills i-nr* ITc 
Highway 

— - 

16% 

M 

$2 

Average Minimum 
Passenger Space 

4.0 

4.6 

4.6 

4.6 

Annual Kilometers per Vehicle 


91,770 


Computed Replacement 

Age, years 


2.8 


Computed Replacement 

Kilometers 


231,840 


Source: Wagner 

et el.. Light-Duty 

Highway Fleets 
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APPENDIX 

CALCULATION OT MEAN AND VARIANCE DIRECTLY FUOII TABULAR 
CUMULATIVE DISTRIBUTIONS 


Often random variables are described by a tabular presentation of 
their cumulative probability distribution. Usually the analytical 
representation of the probability density function for these variables 
doee not. exist or is not known. Thu 3 , direct calculation of tho ce.Ati 
and variance from Etjs*. 1 and ». in uot practical! 



-.Cd 


A.l 


i* 

0 2 • • (x - ji)“ p(x)dx A. 2 

«-(9 

where 

p •» mean of vc 

p(x) ■ probability density function 
a 2 ■ variance of x 


The following approach nl? y and cr ? to be calculated directly 
from the tabular cumulative diotvibutiou. latogintic-.t of Eq. 1 by 
parts yields^" 


• n 

( /• 

U " X r(x> t - j P(x)dx 


A. 3 


vhara 


x 

P(x) » J* p(u)du 


If P(x) ■ 1 - Q(x) is substituted into Eq. A. 3 and the lower limit is 
ssro rather than -*■ (as is true for driving distance) , we get 

*F.A. Haight, Mathematical Theories of Traffic Flow , Academic Press, 
1963, p. 22. 
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• « m 

y • x£l - Q(x) ] | - Cl - Q(x)3dx - f Q(x)dx A.4 

«0 Q 0 


sines 11a xQ(x) • 0 n * + •. 


Using the sums approach, It Is straightforward to show that 

n , 

O 2 ■ j x*Q (x)dr. - y 2 

*0 

SLct v* ura worUi-.g tzivlnv data, !>/;. A, 4 cu& A. 5 
Hurt to ac 


A.5 


M "/ .-l 1 “ 2 ’ j ( '*i " ,s i-J 

1*1 


A* C 


fitU* 


vhsri 


V*’* 




(v - T» ^ 

1 _ v 1 1-.W 

* o 


?. 

V 


’ •* — v 5 *• u 2 

' i • i-r v 


P^ « value of cs'Rvlctive die'.rf.lytion for range of Xj 

>0 * ! c 
*0 ■ 0 


A.? 


P •* 1 

» A 
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APPENDIX A 

MISSION ANALYSIS AND PERFORMANCE 
SPECIFICATION STUDIES REPORT 


SUPPLEMENT 


This report contains information prepared 
by Minicars, Inc. under JPL sub-contract. 
Its content is not necessarily endorsed by 
the Jet Propulsion Laboratory, California 
Institute of Technology, or the National 
Aeronautics and Space Administration. 


MINICABS, INC. 

55 D«pot Road GoUta. California 93017 (805)964-6271 
TELEX 67605. Taltcopwr (805)964-7669 

16 February 1979 

Mr. R.C. Kinkade 

Mall Station 506/401 

California Institute of Technology 

Jet Propulsion Laboratory 

4800 Oak Grove Drive 

Pasadena, CA 91103 

Subject: Submittal of Supplement to Mission Analysis and Performance Specification 
Studies Report, Task 1, Oated 25 January 1979 - Contract Number 955188 

Dear Sir: 

In response to your telex of 2 February we are submitting herewith a supplement to 
our Task 1 Mission Analysis and Performance Specification Studies Report. We regret 
the omission and appreciate the opportunity to correct the situation. We believe 
the attached supplement covers the requirements of Paragraph 5(a) and (b) of Oata 
Requirement Description Number 1. 

At this time there Is no submittal for Paragraph 8. Software developed thus far has 
been for Task 2 and will be described In that report. Mini cars' subcontractor. 
General Research Corporation, has utilized their Dally Travel Distance (TULDIS) 
computer program In the performance of their Task 1 effort. However, the software 
for this program was already In existence, and we believe JPL Is In possession of 
the description of the program. 

If you require more details on this program, we would be pleased to respond 
accordingly. 

Sincerely yours. 



SR/cmb 


Enclosure 
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MINICARS, INC. 
CONTRACT NO. 955138 
TASK 1 


16 February .1979 
ADDENDUM TO 

MISSION ANALYSIS AND PERFORMANCE 
SPECIFICATION STUDIES REPORT 


MISSION SPECIFICATIONS 


A large portion of the information supplied here is already given 
in our recently submitted Mission Analysis and Performance 
Specification Studies (hereafter "Mission Analysis") Report, 
References 1 and 2. We were, however, remiss in not summarizing 
it in specification form as required by the contract and here- 
with hasten to correct this omission. 

As a result of the NTHV mission analysis, three missions were 
identified as candidates for further study (Table 1) . 



Table 1. Mission 

Descriptions 


Mission 

Primary P.eason for Selection 

A 

All-purpose city driving 

Maximum potential market 
penetration 

BB 

Augmented commuting* 

Two-passenger car** 

C 

Family and civic business 

Minimal range requirements 


♦Includes three 10 km lunchtime or after-work trips per week. In 
addition to the commuting distance. 

♦♦Does not meet JPL constraints. 


Specifications and vehicle related characteristics for each of 
these missions are presented below. 


Ml Daily Travel 

The distribution of daily travel by mission is given in Figure 3, 
page 16 of Reference 1. Additional information is presented in 
Figure 2, page 11, and in the discussion and tables on pages 7-19 
of that report. 

A summary of the requirements is given below (see also page 15 of 
Reference 1) : 
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Table 2. Daily Travel by Mission 


Mission 

Daily Range (km) 

Average 

95th Percentile 

A 

51 

153 

BB 

43 

65* 

C 

13 

38 


♦Applies to work days which include 10 km of 
personal trips in addition to driving to and 
from work. The number differs from Table 5, 
Mission B of Reference 1, which gives an 
average over all days. 


M2 Payload (in terms of cargo and passengers) 

Cargo . Origin-destination survey data do not include the cargo 
space actually used, only the cargo space available. For 1978 
model cars, cargo space availability is described in Table 3.4 
of Reference 2. The 95th percentile cargo space for all cars is 
0.62 m 3 . However, specific vehicles thought to be representative 
of future full-sized cars show considerably less cargo space - 
the Audi 5000 with 0.42 m 3 and the Buick Regal with 0.^5 m 3 . 
Therefore, the parameter M2 is set at 0.44 m 3 for Missions A and C, 
which corresponds to the sales-weighted average for all present 
vehicles. For Mission BB cargo requirements will be minimal. 

Passengers . Vehicle occupancy distributions by trip purpose were 
presented in Table 3.3 of Reference 2. From these data the 95th 
and 99th percentile occupancy can be established for the various 
candidate missions. These are shown in Table 3. 

Mission BB is assumed to have the same occupancy distribution as 
Mission B. Note that a five-passenger vehicle will be adequate 
for all candidate missions at least 95 percent of the time. 


M3 Trip Lengths, Trip Frequency, and Trip Purpose 

Trip length distributions are shown in Figure 1, page 8 of 
Reference 1. Trip frequencies are given in Table 5, page 15, and 
analyzed at length in Appendix A of that report. Trip purposes 


. 4 * 
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Table 3. Vehicle Occupancy by Mission 


Mission 

95th Percentile 
Occupancy 

98th Percentile 
Occupancy 

A 

4.79 

5.44 

B 

2.62 

3.72 

C 

4.41 

5.51 

AT 1 

4.79 

5.47 


are discussed on pages 3-5 and throughout Reference 1. These are 
summarized in Table 4. 


Table 

4. Trip Length, 

Frequency 

and Purpose* 


Average 

Trip Length (km) 

Mission 

Trip Frequency 

Average 

95th Percentile 

A 

3.74 

13.6 

41 

BB 

1.76** 

14.6 

45 

C 

1.47 

8.65 

26 


*Purpose is given in Table 1. 


**Seven-day average. 

M4 Driving Cycles in Terms of FHDC, FUDC, J227a(B) 

Each mission is a different set of trips of varying trip lengths 
and varying average speeds; each trip is a different combination 
of the three driving cycles. No data were found to distinguish 
between trip length versus speed relationships for different 
missions; therefore, the same relationship between trip length 
and speed was used for all missions. This relationship was indi 
cated in Table B-16 of Reference 1. In that table, Table 5 
below, the various combinations of driving cycles are indicated 
for the various trip lengths. Similar combinations can be, and 
have been, generated for other trip lengths, and these will be 
detailed in a subsequent Technical Status Report. 
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Table 5. Trip Composition for Various Trip Lengths 


Trip 

Length 

Category 

(km) 

Length 

(km) 

Average 

Trip 

Speed 

(kph) 

(Kilometers 

Trip Description 
in J227a(3) Cycle, FUDC, & FHDC) 

Under 8.0 

2.96 

17.2 

1.316 J227a(3) , 0.327 FUDC, 1.316 J227a(B) 

8.0-15.3 

10.14 

32.5 

4.81 FUDC, 

0.507 FH0C, 4.81 FUDC 

15.3-24.9 

19.5 

43.5 

5.25 FUDC, 

9.00 FHDC, 5.25 FUDC 

24.9-33.0 

30.4 

54.7 

4.35 FU0C, 

21.7 FHDC,. 4.35 FU0C 

33.0-49.1 

42.0 

64.7 

2.86 FUDC, 

36.2 FHDC, 2.86 FUDC 

49.1-65.2 

60.0 

79.5 


60.0 FHDC 

65.2-81 .3 

78.4 

79.5 


78.4 FH0C 

81.3-160.1 

113.3 

79.5 


113.3 FHDC 

160.1+ 

309 

79.5 


309 FHDC 


M5 Annual Vehicle Miles Traveled per Vehicle 

The annual vehicle miles traveled are provided in the JPL Guide- 
lines, Reference 3, Table A-3 for all cars. Annual miles traveled 
per vehicle by mission are shown in Table 6. 


Table 6. Annual Vehicle Miles 
Traveled per Vehicle 


Mission 

Annual Travel per Vehicle (miles) 

A 

11,540 

BB 

5,890 

C 

0 873 
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M6 Potential Number of Vehicles in Use as a 
Percentage of Total Vehicle Fleet 

The total number of passenger vehicles expected to be in use in 
1985 is given in Reference 3 as 113 million. The maximum poten- 
tial number of vehicles for each mission as a percentage of all 
vehicles in use can be calculated from the data of Table 5, 
page 15 cf Reference 1, as follows: 

Let n^ * number of trips on mission i on the survey day 

T =» Z n^ * number of trips driven on the survey day 

d,. = number of drivers on mission i on the survey day 
n . 

— = average trip frequency, per driver, for 

i mission i 

n. 

= fraction of all trips on mission i 
T 

A = average trip frequency for all missions. 

VAD . 

A. 

i 

Since each driver must normally be furnished one car, the quan- 
tity dj_ is also the required number of cars on mission i and 
d^/D is the fraction of cars on mission i . This method was used 
to calculate Table 7. 


U . 

l 


T 

D 


Then 


d. 

l 


Table 

7 . Maximum 
Mission as a 

Potential 

Fraction 

Passenger Vehicles by 
of All Vehicles 

Mission 

U i 

A. 

l 

Percent = 100 u^A/A^ 

A 

1 

= A 

100 

BB 

0.36 

2 

70 

C 

0.40 

1.47 

100 


As discussed in Reference 1, this maximum potential must be modi- 
fied by considering vehicle acceptability, cost and related 
factors. This work is now in progress. 


M7 Reference Conventional ICE Vehicles 

The reference conventional ICE vehicle was selected to represent 
the vehicles that the near term hybrid vehicle could replace. 

It is a gasoline engine automobile with an inertia weight of 
1360 kg and an EPA composite fuel economy of 12.1 km/J l. This 
choice is explained below. 

We assume that the NTHV designed in this program will be able to 
perform all automotive missions well - short trips on electric 
power alone, and long trips on a combination of both electric and 
ICE power. On this basis, hybrid vehicles could replace all 
sizes and types of vehicles in the near term. 

However, the size requirement for the proposed NTHV puts a prac- 
tical limitation on the sizes which can be replaced. The 
proposed hybrid will be a five-passenger car, which, even with 
downsizing and weight reductions, would be too large and too 
heavy to have the efficiency required to replace small or sub- 
compact cars. On the other hand, the NTHV would be too small, 
as a five-passenger car, to replace the largest' vehicles. There- 
fore, the required size limits its potential to that of a 
replacement for compact and full sized vehicles. Since each of 
these sizes of vehicles is estimated in the JPL Guidelines to 
make up 30 percent of the vehicle market in 1985, a replacement 
would have the potential of capturing up to 60 percent of the . 
total vehicle market. 

The inertia weight and composite fuel economy numbers are averages 
of the estimated weights and economies of 1985 compact and full- 
size cars. They give only a very coarse description of the base- 
line vehicle, and do not contain enough information to allow a 
direct comparison of the acceleration and economy of this vehicle 
with the NTHV over specific missions. We therefore used the data 
developed by Burke (Reference 4) to further define the baseline 
vehicle. This yields an automobile with the specifications and 
performance shown in Table 8. 
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Table 8. Reference Conventional ICE Vehicle 
Performance Specifications 


Vehicle type 

Inertia weight 

Length 

Width 

Height 

Engine 

Transmission 

Acceleration 

Fuel economy - composite 
city 
highway 
SAE J227a(B) 


Mid-size, five-passenger 

1360 kg 

470 cm 

185 cm 

137 cm 

Gasoline - 63-67 kW 

4-speed manual or 4-speed OD auto- 
matic with lockup torque converter 

0-96.6 km/hr in 14 sec 

12.1 km/2, 

10.8 km /l 

14.3 km/ 1 

7.1 km/Jl 


M8 Estimated Annual Fuel Consumption of Missions 
Performed Entirely by Reference ICE Vehicles 

Table 5 of Reference 1 provides a corase characterization of four 
missions: A, B, C and D. As explained in the section titled 

"Daily Travel Distance Distribution," the trip length and the 
daily travel distributions were found to have the same functional 
form. This form is illustrated in Figure 1, which applies to 
both trip length and daily travel distributions for all missions. 
The functional form allows the construction of a table, such as 
Table 9, which applies to all missions. The only variation from 
mission to mission is the variation in \ and L, which are given 
in Table 5 of Reference 1. When these values are substituted, 
the average trip length and the average speed are known for each 
interval of daily travel. Such information permits the construc- 
tion of driving cycle combinations, as referred to in Item M4 
above. With the driving cycle combinations, the fuel consumption 
per trip can then be obtained for the reference ICE vehicle, and 
the table can be completed. Use of the tabulated probabilities 
then permits the calculation of average fuel consumed per trip 
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Figure 1 
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Trip Length and Daily Travel Distribution 
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Table 9. Travel, Trip Lengths, and Fuel Consumption Distribution 
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and per year, as well as the average fuel economy. Such tables 
are presented for the candidate missions A, B, BB and C (Tables 10 
through 13, respectively) . The resulting annual fuel consumption 
is summarized in Table 14. 


Table 10. Characteristics of Mission A 


L » 13.6, 

X = 3.74, 

XL « 50.9 

@ L * 13. 

6, FE * 10.66 km/2. 

Daily 
Travel 
Range 
(km) _ 

Average 

Trip 

Length 

(km) 

Fuel 

Economy 

(km/O 

Petroleum 
Consumption 
Per Trip 

00 _ 

Probabil ity 
p(x) 

Average 

Speed 

(km/hr) 

0-11.2 

2.31 

5.32 

0.434 

0.25 

14.73 

11.2-25.5 

5.98 

7.60 

0.787 

0.25 

25.19 

25.5-50.9 

12.10 

10.41 

1.162 

0.25 

34.91 

50.9-76.4 

18.90 

11.36 

1.664 

0.10 

42.65 

76.4-101.8 

25.70 

11.98 

2.145 

0.05 

49.97 

101.8-152.7 

37.67 

12.79 

2.945 

0.05 

61.06 

152.7-254.5 

61.74 

13.71 

4.503 

0.04 

82.11 

254.5-407 

99.42 

14.05 

7.076 

0.01 

104.61 

Average 

13.62 


1.268 


32.85 

Average fuel 

economy = 

13.62/1.268 = 

10.74 km/Jl 



Averaqe fuel per year * 1 .268(3. 74) ( 365 ) s 1730 l 
Average distance per year » 18,596 km 
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Table 11. Characteristics of Mission B 


L » 16.3, 

X » 1.33, 

XL - 21.7 

@ L • 16. 

3, FE « 11.05 

km/ 2 

Dally 

Travel 

Range 

(km) 

Average 

Trip 

Length 

(km) 

Fuel 

Economy 

(km/2) 

Petroleum 
Consumption 
Per Trip 

12) 

Probability 

P(x) 

Average 

Speed 

(km/hr) 

0-4.8 

2.77 

5.52 

0.502 

0.25 

16.40 

4.8-10.9 

7.17 

8.80 

0.815 

0.25 

27.75 

10.9-21.7 

14.51 

• 10.82 

1.341 

0.25 

37.85 

21.7-32.6 

22.66 

11.72 

1.933 

0.10 

46.91 

32.6-43.4 

30.81 

12.35 

2.495 

0.05 

55.06 

43.4-65.1 

45.15 

13.19 

3.423 

0.C5 

67.60 

65.1-108.5 

74. 0C 

13.90 

5.324 

0.04 

92.83 

108.5-174 

119.15 

14.11 

8.444 

0.01 

104.61 

Average 

16.33 


1 .451 


36.08 


Average fuel economy * 16.33/1.451 * 11 .25 km/2. 
Average fuel per year * 1 .451(1 . 33){ 365) * 704 2 
Average distance per year ■ 7934 km 


Table 12. Characteristics of Mission BB 


Dally 

Travel 

Range 

Average 

Trip 

Length 

(km) 

Fuel 

Economy 

(km/i) 

Petroleum 
Consumption 
Per Trip 

. U) 

Probabi 1 ity 
P(x) 

Average 

Speed 

(km/hr) 

0-4.8 

2.77 

5.52 

0.502 

0.17 

16.40 

4.8-10.9 

7.17 

8.80 

0.815 

0.17 

27.75 

10.9-21.7 

11.55 

10.30 

1.121 

0.49 

34.21 

21.7-32.6 

22.66 

11.72 

1.933 

0.07 

46.9. 

32.6-43.4 

30.81 

12.35 

2.495 

0.03 

55.06 

43.4-65.1 

45.15 

13.19 

3.423 

0.03 

67.60 

65.1-108.5 

74.00 

13.90 

5.324 

0.03 

92.83 

108.5-174 

119.15 

14.11 

8.444 

0.01 

104.61 

Average 

14.63 (L) 

1.330 


35.06 

Average fuel 

economy » 1 

4.63/1.330 * 

10.99 km i/l 


Average fuel 

per year * 

1. 330(1. 759) (365) * 854 l 



Average distance per year « 14,63(1 . 759 ) ( 365 ) * 9388 km 
Average trips per day * 12.310/7 * 1,759 (X) 

Average daily travel * 14.63(1 759) * 25.7 km/day (XL) 

12 310 

Fraction of total trips * " g : 3 ~ { q (36.2) * 47.9* 

0 L » 14.63, FE * 10.87 km/?. 
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Table 13. Characteristics of Mission C 


l • 8.65 

, X • 1.47 

, XL ■ 12.7 

0 L ■ 8.65 

, FE ■ 9.51 km/Z 

Dally 

Travel 

Range 

(km) 

Average 

Trip 

Length 

(km) 

Fuel 

Economy 

(km/Z) 

Petroleum 
Consumption 
Per Trip 

ni _ 

Probability 

P(x) 

Average 

Speed 

(km/hr) 

0-2.8 

1.47 

4.85 

0.303 

0.25 

10.93 

2. 8-6.4 

3.81 

6.15 

0.620 

0.25 

19.73 

6.4-12.7 

7.70 

9.10 

0.846 

0.25 

28.65 

12.7-19.1 

12.02 

10.40 

1.156 

0.10 

34.83 

19.1-25.4 

16.35 

11.06 

1.478 

0.05 

39.88 

25.4-38.1 

23.96 

11.83 

2.025 

0.05 

48.18 

38.1-63.5 

39.27 

12.87 

3.051 

0.04 

62.46 

63.5-102 

63.23 

13.74 

4.602 

0.01 

83.41 

Average 

8.67 


. 0.901 


26.04 

Average fuel 

economy ■ 

8.67/0.901 - 9. 

62 km/Z 


Average fuel 

per year ■ 

0.901(1 .47) ( 365) » 483 Z 


Average distance per year ■ 4635 km 




Table 14. Fuel Consumption Summary 


Mission 

Annual Distance 
Per Car 
(ton) . 

Average 
Fuel Economy 
(ton/Jl) 

Annual Fuel 
Consumption 

tel . 

A 

18,596 

10.7 

1730 

B 

7,934 

11.3 

704 

BB 

9,388 

11.0 

854 

C 

4,635 

9.6 

483 
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MISSION RELATED VEHICLE CHARACTERISTICS 


VI Capacity (Passengers and Cargo) 

Passengers . Passenger payload is briefly discussed on page 17 of 
Reference 1. Vehicle passenger capacity required to accommodate 
most of the occupants on a given mission is given in Table 15. 


Table 15. Required Passenger Capacity 


Mission 

Number of Passenqers 

A 

5 

B, BB 

2 

C 

6 


Cargo . As discussed in the Mission Specification M2, cargo 
capacity was set at 0.44 m^. This was based on two considerations 
(1) vehicle downsizing will probably result in smaller trunk 
volumes than is often the case currently; and (2) people very 
rarely use more than a small fraction of the available cargo 
volume . 


V2 Range, Speed, Acceleration and Gradeability 

Range . Daily travel by mission was given in Table 2. The 95th 
percentile values for Missions A, BB and C are 153, 65 and 38 km, 
respectively. When one considers that vehicles currently per- 
forming these mission.* can refuel when necessary, the potential 
daily travel is limited only by the traveling speed and the 
endurance of the driver. Therefore, the non-ref ueled range 
cannot be correlated to daily travel data. A similar situation 
holds for the NTHV. Indeed, the range of current vehicles seems 
to be more a function of attractiveness to the consumer (which 
has not been evaluated) and space available in the vehicle. In 
any case, a non-ref ueled range of 507 km appears to be consistent 
with current automotive practice. 
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Speed . Average traveling speeds (average moving speeds obtained 
on the roadway) are different from the speeds used to characterize 
varying trip lengths (which include idle time, as do the various 
driving cycles used in the mission analysis) . These speeds were 
reported in Table 2.7 of Reference 2. The highest freeway speed 
reported was 106 km/hr for all trip purposes. Therefore, the 
maximum speed capability required for all missions is considered 
to be 106 km/hr. This is considerably less than the available 
maximum speed both for current vehicles and for the hybrid. 

Acceleration . As reported in Section 5 of Reference 2, the most 
strenuous acceleration requirements correspond to going from zero 
to the minimum safe merging speed of 65 km/hr on a 200 meter on- 
ramp which has a 6 percent grade. This corresponds to an accel- 
eration capability of 0-65 km/hr in 17 seconds on a level road, 
and is less stringent than the minimum requirement R5 for 
acceleration capability. 

Gradeability . Figure 5.3 of Reference 2 shows that no increase 
in the accident rate occurs if a vehicle can maintain the 90 km/hr 
speed limit at the maximum grade encountered. Since the maximum 
grade allowable on federal highways is 6 percent, the implication 
is that a gradeability of 90 km/hr on a 6 percent grade will be 
adequate for all missions. Slower speeds on steeper grades may 
be characteristic of missions with shorter trip lengths (such as 
Mission C) , but data for accident rates and grades by trip purpose,, 
and hence by mission, were not obtained. 


V3 Cost Constraints (Initial and Operating) 

Cost constraints in the real world are imposed by virtue of con- 
sumers being increasingly reluctant to purchase vehicles if their 
costs, both initial and operating, increase. This reluctance is 
very difficult to assess and, in any case, it would be impossible 
to obtain a measure of it mission by mission. Therefore, an 
attempt was made to obtain an estimated life cycle cost for the 
reference ICE vehicle for each mission. This was done under the 
following assumptions: 

1. Gasoline costs 95.5 cents per gallon, including taxes, 
in 1985 (1978 cents) , in accordance with JPL guideline 
(B) . 

2. The discount rate is 2 percent, in accordance with JPL 
guideline (D) (f) . 
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3. Reference vehicle fuel economy is as reported in Item M8 
for the various missions. 

4. Costing procedure follows the publication Cost of Owning 
and Operating an Automobile, 1976 (COA) , by L.L. Liston 
and C.A. Aiken, Federal Highway Administration. 

5. Oil consumption and cost of oil bears the same relation- 
ship to consumption and cost of gasoline as it does in 
COA. 

6. Items denoted "other operating costs" include maintenance, 
parking, insurance, and non-petroleum taxes. 

7. Other operating costs reflect the average of "standard" 
and "compact" cars, as categorized in COA, and as dis- 
counted from 1976 to 1985. 

8. Initial cost corresponds to depreciation in COA, and 
reflects an estimated growth from current "standard" and 
"compact" cars to 1985, based on our experience with the 
Research Safety Vehicle (RSV) and Large Research Safety 
Vehicle (LRSV) , and on consultation with auto industry 
leaders . 

Results of these calculations are shown in Table 16. 


Table 16. Cost Constraints 


Mission 

Fuel 
Economy 
(km/ l) 

Gas & Oil 
Cost 

(Incl. Taxes) 
(4/km) 

Other 
Operating 
Costs 
(4/ km) 

Total 

Operating 

Cost 

(4/km) 

Ini tial 
Cost 
(4/km) 

Life 

Cycle 

Cost 

(4/km) 

A 

10.7 

2.45 

6.16 

8.61 

3.44 

12.05 

B 

11.3 

2.34 

6.16 

8.50 

3.44 

11.94 

BB 

11.0 

2.39 

6.16 

8.55 

3.44 

12.00 

C 

9.6 

2.73 

6.16 

8.90 

3.44 

12.34 


y 
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V4 Ambient Conditions, Availability and Amenities 


Ambient Conditions . As a general rule, vehicles used for all 
missions should be capable of operating in roughly the same range 
of ambient temperatures as current vehicles. No data regarding 
different likelihoods of exposure to extreme temperatures as a 
function of trip purpose were found. Therefore, the required 
ambient temperature capability is taken to be -20°C to +40°C, in 
accordance with JPL minimum requirement R8 . 2 . 

Availability . Table 4.1 of Reference 2 indicates that 17 percent 
of all housing units have no car available. This implies that 
one or more cars are available at 83 percent of all occupied 
housing units. From that fact one could infer an availability 
requirement of 83 percent for all missions. However, it would 
appear that a better definition of availability would relate to 
whether a vehicle has sufficient fuel (or battery charge) , is in 
an adequate state of repair, etc., such that it is available for 
a trip in any mission. For electric vehicles the range require- 
ments could very well be a major determinant of availability (at 
least by this definition) , but current and hybrid vehicles can 
always be refueled enroute. No data were obtained for other 
determinants of availability, particularly by mission. It would 
appear that current vehicles have an availability, at least by 
this definition, of around 99 percent, however, based on common 
car ownership experience. 

Amenities . The popular options which are currently factory- 
installed on vehicles. are listed in Table 17. No data were found 
to distinguish between one mission and another - particularly in 
light of the current use of cars for a variety of missions over 
their lifetimes. Table 17 does provide a guide to the amenities 
to be found in current vehicles. However, it is obvious that 
the demand for these options will be especially volatile between 
now and 1985, with an increasing emphasis expected on electronics 
and entertainment-oriented features. 


18 


Table 17. Popular Options in the 1976 and 1977 
Model Years - U.S. Automobiles 


Option 

Percent 
of Output 

1976 1977 

Air Conditioning 

74.91 

81.90 

Power Brakes 

81.75 

91.37 

Power Steering 

90.82 

95.80 

Power Side Windows 

22.67 

27.16 

Rear Window Defogger 

28.94 

35.09 

Power Seats 

16.74 

21.20 

AM Radio ] 

| 

35.25 

AM/FM Radio j 

j 82.34 

12.88 

AM/FM Stereo ) 


29.27 

Tape Player 

12.61 

14.72 

CB Radio 

«. 

0.96 

Adjustable Steering Column 

31 .27 

39.03 

Cruise Control 

26.37 

36.01 

Bucket Seats 

24.38 

21.53 

Vinyl Top_ 

46.68 

48.09 

Raised Letter/White Sidewall Tires 

84.25 

90.91 

Steel Belted Radial s 

76.11 

79.26 

Automatic transmission 

92.94 

95.75 

3-Speed Manual Transmission 

• 

0.77 

4-Speed Manual Transmission 

5.61 

3.38 

5-Speed Manual Transmission 

... 

0.10 

V-8 Engine 

69.83 

76.99 

6-Cylinder Engine 

21.59 

18.26 

4-Cylinder Engine 

8.58 

4.75 


Source: Automotive News , Market Data Book Issues 

for 1977 and 1978, Crain Communications, 
Inc., Detroit, Michigan. 
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The present document is a revised version 
of the "Design Trade-Off Studies Report," dated 
25 May 1979. The revision consists primarily 
of an addendum, which is included at the end of 
the report. Otherwise, only minor changes 
(mostly typographical) have been made in the 
text itself. 


SECTION 1 
INTRODUCTION 


The goal of the design trade-off studies is to derive the perform- 
ance specifications and the preliminary design of a Near Term 
Hybrid Vehicle (NTHV) , a vehicle which will exhibit the greatest 
potential for petroleum savings in the near term. A methodology/ 
outlined in Figure 1, was constructed and implemented to evaluate 
the avantages and disadvantages of all hybrid subsystems and 
components . 

For each candidate system package we simulated the hybrid's per- 
formance through three driving cycles (SAE J227A(B) , FUDC and 
FHDC) . The results of the hybrid vehicle simulation were used 
to evaluate the petroleum and electricity consumptions and the 
electric range when the vehicle is taken through the missions 
specified in Task 1 (Reference 1) . Then the results of the 
mission simulation (the average petroleum and electricity econo- 
mies) were used in the evaluation of the life cycle cost (LCC) 
for each NTHV system package. 

Task 1 of this program (Reference 2) specified a reference 
internal combustion engine (ICE) vehicle (Table 1) . The LCC 
of this vehicle, when taken through the missions specified in 
Task 1, is used to obtain the benefit and the net benefit (the 
difference between the LCC of the reference ICE vehicle and the 
LCC of the NTHV) for each NTHV system package . 

Using this methodology as a standard, we investigated the follow- 
ing factors: 

1. Hybrid power sizing 

a. Battery capacity 

b. Heat engine peak power 

c. Electric motor peak power 

2. Battery types 

a. Lead-acid 

b. Nickel-zinc 

c. Nickel-iron 
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Figure 1. Trade-Off Studies Methodology for 
Each NTHV System Package 
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Table 1. Reference Conventional ICE Vehicle 
Performance Specifications 


Vehicle Type 


Mid-size, five-passenger 

Inertia weight 


1360 kg 

Length 


470 cm 

Width 


185 cm 

Height 


137 cm 

Engine 


Gasoline - 63-67 kW 

Transmission 


4-speed manual or 4-speed OD auto- 
matic with lockup torque converter 

Acceleration 


0-96.6 km/ hr in 14 sec 

Fuel economy - 

composite 

12.1 km/ A 


city 

10.8 km / l 


highway 

14.3 km H 


SAE J227a(B) 

7.1 km/£ 
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3. Hattery parameters 

a. Cycle life 

b. Initial state of discharge 

c. Final depth of discharge 

4. Heat engine types 

a. Turbocharged diesel 

b. Naturally aspirated diesel 

c. Reciprocating spark ignition 

d. Stratified charge reciprocating spark ignition 

5. Electric motor types 

a. DC shunt 

b . DC series 

c . DC compound 

6. Controller 

7. Charger 

8. Transmission types 

a. Five- speed manual 

b. Three-speed automatic 

9. Transmission parameters 

a. Transmission ratios 

b . Final drive 

10 . Regenerative braking 

11. Hybrid accessories 

a. Air conditioning 

b. Other accessories 

c. Accessory operational strategy 

12. Hybrid vehicle cold start 

13. Heating and defrosting 

14. Vehicle operational strategies 

15. Microcomputer 

16. Vehicle inertia weight 

17. Aerodynamic drag resistance 

18. Rolling resistance 
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19. Electric range 

20. Acceleration 

21. Gradeability 

22. Hybrid vehicle marketability 

23. Life cycle costs 

The parameters which govern the maximization of petroleum savings 
are numerous, we therefore analyzed this parametric set in subsets , 
or suboptimizations. The operational strategy was approached as 
a separate subset of the trade-off studies. The connection between 
the component trade-offs and the operational strategies was then 
made in an iterative manner. 

Initially, we investigated all of the NTHV system packages using 
the most promising operational strategy. The object of this 
operational strategy is to deplete the batteries to their maximum 
allowable state of discharge at the end of the day. In this 
strategy the electric motor is used as the primary drive component 
until the batteries are depleted to their maximum allowable dis- 
charge. Then the heat engine becomes the primary drive component. 

Several other operational strategies were tested and their impacts 
on petroleum savings observed. But we found that these impacts 
were not sufficient to warrant the new set of design component 
trade-offs which would be required by a new suboptimum operational 
strategy. 

Based on the preliminary trade-off studies (.Reference 5 ) , the per- 
formance analyses (Reference 4) and the review of the designs 
reported in the literature, we have specified a baseline NTHV 
whose specifications and performance parameters are given in 
Tables 2 and 3, respectively. Most of the hybrid parameters are 
investigated using the baseline NTHV. 

The NTHV system packages reported first do not include accessories , 
and work under the assumption of a warm start. The effects of a 
cold start and the addition of accessories are reported in their 
own sections. We performed all of the trade-off studies by taking 
the NTHV system packages through Mission A, which covers 98.8 per- 
cent of all trips (Reference 1) . All costs given in this report 
are reported in 1978 dollars. 
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Table 2. NTHV Preliminary Specifications 


Vehicle 

Wheelbase 
Curb weight 

Engine 

Displacement 

Bore 

Stroke 

Compression ratio 
Maslmum power 
Maximum torque 

Motor 
Power 
Voltage 
Maximum rpm 
Base speed 
Controller 

Battery 

Voltage 

Capacity 

Weight 

Transaxle 

Number of gears 
Ratios 1 
2 

3 

4 

5 

Final drive ratio 
Tires 


Modified 1980 GM "X" Body 
265 cm 
1660 kg 

Turbocharged Volkswagen Rabbit Diesel 
1471 cc 

76.5 mm 
80.0 mm 
23:1 

48.5 kW 0 5000 rpm 
119 Nm 0 3000 rpm 

D.C. Shunt Motor 
24 kW 
72 V 

5000 rpm 
1650 rpm 

Transistorized field chopper 

Improved State of the Art Lead-Acid 
72 volts (twelve 6 volt batteries) 

12.6 kW-hr (3 hour rate) 

336 kg 

Volkswagen Rabbit Modofied 
5 

3.45:1 

1.94:1 

1.29:1 

0.97:1 

0.75:1 

3.90:1 

P205/75 R14 
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Table 3. Baseline NTHV Vehicle Performance Specifications 



PI Minimum Non-Refuel ed Range 



PI .1 FHDC 

702 km 


PI. 2 FUDC 

511 km 


P.13 J227a(B) 

448 km 

P2 

Cruise Speed 

88 km/ hr 

P3 

Maximum Speed 



P3.1 Maximum speed 

P3.2 Length of time maximum speed can be 

180 km/hr 


maintained on level road 

1 min 

P4 

Accelerations 



P4.1 0-50 km/hr (0-30 mph) 

5 sec 


P4.2 0-90 km/hr (0-56 mph) 

12 sec 


P4.3 40-90 km/hr (25-56 mph) 

9 sec 


P5 Gradeability (Heat Engine Only)* 




Grade 

Speed 



P5.1 

3% 

120 km/ hr 



P5.2 

5% 

100 km/hr 



P5.3 

8% 

80 km/hr 



P5.4 

15% 

44 km/ hr 



P5.5 Maximum Grade 

26% 



P5 

Payload Capabity 



520 kg 

P7 

Cargo Capacity 



0.5 m 3 

P8 

Consumer Costs 





P8.1 Consumer purchase price 

(1978 $) 

$8519 


P8.2 Consumer life cycle cost 

(1978 $) 

$0. 13/km 

diese' 

1 drive distance is 

limited by fuel tank capacity 

— - 
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Table 3 (Cont'd) 


P9 Emissions - Federal Test Procedure 

P9.1 Hydrocarbons (.HC) 

P9.2 Carbon monoxide (.CO) 

P9.3 Nitrogen oxides CN0 X ) 

P10 Ambient' Temperature. Capability 

Temerature range over which minimum performance 
can be met 

P11 Rechargeabillty 

Maximum time to recharge from 802 depth-of- 
discharge 

PI 2 Required Maintenance 

Routine maintenance required per month 

PI 3 Unservices Storeabil ity 

Unserviced storage over ambient temperature 
range of -30°C to +50°C (-22°F to +122°F) 

P13.1 Duration 

PI 3. 2 Warm-up time required 

P14 Reliability 

P14.1 Mean usage between failures - powertrain 

P14.2 Mean usage between failures - brakes 

P14.3 Mean usage between failures - vehicle 

PI 5 Maintainability 

PI 5.1 Time to repair - mean 
PI 5.2 Time to repair - variance 

P16 Availability 

Minimum expected utilization rate 

Ci.e., 100 X time in service * (.time in service + 

time under repair) 

PI 7 Additional Accessories and Amenities 

Air conditioner 
Cooling fan 
Alternator 
Air pump 


0.19 gm/km 
0.56 gm/km 
0.98 gm/km 


-20°C to +40°C 


5 to 7 hrs 


1 hr 


120 days 
1 to 2 min 


40,000 km 
40,000 km 
40,000 km 


5.0 hrs 

2.0 hrs 


972 


List 


SECTION 2 

TRADE-OFF METHODOLOGY 


2.1 HYBRID VEHICLE PERFORMANCE SIMULATION 

We modified Minicars' vehicle performance simulation program, 

CARSIM, to include the electrical components of a hybrid vehicle, 
the scaling procedure of a heat engine, and a number of control 
strategies to be selected by prescribing the necessary program in- 
puts. Because the methodology of CARSIM is reported in References 
5 and 6, only the input parameters and output information of the 
modified program will be discussed here. 

The input variables consist of data for the overall vehicle, trans- 
mission, heat engine, heat engine fuel consumption, heat engine 
maximum torque, electric motor, batteries, accessories and control 
strategy, as well as the transmission shift curves for the heat 
engine alone, for the electric motor alone, and for the hybrid 
inodes . 

The velocity-time profiles for the different driving cycles are 
stored in a separate file which is available for use by CARSIM. A 
particular driving cycle can be repeated a number of times to 
calculate the available range or to establish the effect of an 
initial state of battery discharge on petroleum and electricity con- 
sumption. The flow diagram of CARSIM and typical input data set 
for an NTHV system package are given in Appendix A. 

Once a hybrid system package is inputted to CARSIM, the program 
simulates the vehicle's performance for a prescribed control 
strategy through a desired driving cycle with a warm start. The 
output information can be recorded in detail for each second of the 
driving cycle or in summary for the whole driving cycle. A typical 
output set is also given in Appendix A. 

2.2 MISSION SIMULATION 

After the hybrid vehicle performance under a given operational 
strategy was simulated for each of the three driving cycles, we 
used combinations of these cycles to represent the distribution of 
trip lengths for a specific mission. These combinations were then 
used in the evaluation of the petroleum and electric economies. 

The representative driving cycle for a given trip length was con- 
structed from segments of these driving cycles (References 1, 3 and 5) 
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The petroleum and electricity consumptions In a cycle were assumed 
to be linear functions of the distance traveled Us verified by 
samples given in Figures 2 and 3} . So the petroleum and electricity 
consumptions per cycle vtbtalned from CARSIM could be linearly seg- 
mented and used in constructing representative driving cycles. 

We also found the effect of the initial state of battery discharge 
on the driving cycle consumptions during a day. If the initial 
state of discharge (initial to each trip, as well as at the be- 
ginning of the day) has considerable effect on the petroleum and 
electricity consumptions per driving cycle, then the hybrid 
vehicle has to be taken through a mission by taking into account 
the sequence of trips during a day. We assumed that the battery 
state of discharge is zero in the morning. The effects of the 
initial state of discharge for the rest of the trips during the 
day were obtained by simulating the baseline NTHV on CARSIM for 
various initial states of battery discharge (.0.0, 0.1, 0.2, 0.3, 

0.4 and 0.5). The results are shown in Figures 4, 5 and 6. Then, 
by using the Mission A trip length distribution, we obtained the 
initial state of battery discharge probabilities during a day. 

The results are given in Table 4. 

Table 4 shows that in 48.75 percent of the trips during a day the 
initial state of battery discharge is between Q.O and 0.1. Figures 
4, 5, 6 and Table 4 were used to determine the weighted petroleum 
and electricity consumptions. The correction factors to obtain 
the weighted consumption averages, given zero initial battery dis- 
charge, are listed in Table 5. 

Typical petroleum and electricity consumptions per cycle, averaged 
over the initial states of battery discharge, are presented in 
Table 6. Given the petroleum and electricity consumptions averaged 
over the initial states of discharge, and an average number of trips 
per day, the computer program MISSIM was used to calculate the con- 
sumptions for a specified mission. The listing of this program is 
given in Appendix B. 

The input parameters to the program are 

a. The average trip length of a trip length bin and its 
probability of occurrence 

b. SAE J227a(&), FUDC and FHDC average velocities and 
lengths 
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Electricity Consumption for SAE J227a(B) with Different Initial States 
of Battery Discharge; Electric Motor is the Primary Drive Component, 
and Heat Engine is the Secondary Drive Component 


Table 4. Initial State of Battery Discharge Probabilities 
During a Day for Mission A 


Initial State of 
Discharge 

Probability of 
Occurrence 

0. 0-0.1 

0.4875 

0. 1-0.2 

0.1455 

0.2-0. 3 

0.1455 

0. 3-0.4 

0.1125 

0.4-0. 5 

0.0840 

0.5-0. 6 

0.0250 


Table 5. Correction Factors for Weighted 
Consumption Averages* 


Driving Cycle 

Electrical Consumption 
Correction Factors 

Petroleum Consumption 
Correction Factors 

SAE J227a(3) 

1.0200 

1.0000 

FUDC 

1.0191 

1.0642 

FHDC 

1 .0090 

1.2816 


*Zero initial battery discharge; electric motor as primary and 
heat engine as secondary drive component. 


Table 6. Initial Battery Discharge, Averaged 

Petroleum and Electricity Consumptions 


Driving Cycle 

Electricity Consumption 
(A S/cycle) 

Petroleum Consumption 
( i/cycle) 

Cycle Length 
(km) 

SAE J227a(3) 

0.0051 

0.0000 

0.326 

FUDC 

0.2504 

0.0889 

12.050 

FHDC 

0.3598 

0.1065 

16.400 
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c. SAE J227a(R) , FUDC and FHDC petroleum and electricity 
consumptions per cycle for zero initial battery dis- 
charge 

d. Average number of trips per day, final allowable battery 
discharge during the day, battery capacity and battery 
charger efficiency. 

Appendix B lists a typical input data set for the baseline NTHV in 
Mission A. 

The output of the program first shows the representative driving 
cycle combinations for each trip length bin. The average trip 
length, average daily travel, average speed, electric motor 
primary drive distance, battery consumption per day, electrical 
consumption per day, electric economy, petroleum consumption per 
day, petroleum economy, and probability of occurrence are reported 
for each trip length bin. Then the weighted averages, the elec- 
tricity consumption per year, and the petroleum consumption per 
year are outputted, followed by the daily electrical and petroleum 
consumptions in each trip length bin for the two operational 
strategies. Finally, the weighted averages and the petroleum and 
electricity economies are given for the two strategies. Appendix B 
also includes an output listing. 

2.3 SYSTEMS TRADE-OFF IN TERMS OF NET BENEFIT 

The trade-off studies started with the vehicle performance simula- 
tion, took the vehicle through a specified mission, and ended with 
an economic analysis of the NTHV system package. The system 
package economic analysis was performed by estimating life cycle 
costs using a present-value method. The details of this analysis 
are given in Appendix C. The unit manufacturing costs of the 
components were obtained, as planned, from Rath and Strong and 
from References 7 through 10 . 

For the reference ICE vehicle, the life cycle costs were obtained 
first, using the same methodology as for the NTHV. The reference 
conventional ICE vehicle for 1985 is described in References 2 and 
11 as a 1360 kg (inertia weight) vehicle with an overall length of 
470 cm. The cost and the weight data of this vehicle's components 
were synthesized from References 7 and 8, while the petroleum price 
forecasts and the values for the vehicle kilometers traveled 
versus the age of the vehicle were obtained from Reference 13. The 
present value of the life cycle costs was calculated to be 
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0.10625 $/kra for the reference vehicle when used in Mission A. A 
detailed output of the LCC analysis is shown in Appendix C. The 
present value of the petroleum cost for the reference vehicle was 
found to be $4378. 51, and the present value of the total life 
cycle cost was $19,927.82. These values were compared to the 
economic results for the NTHV system packages in Mission A. 

The LCC estimates for the baseline NTHV are given in Appendix C. 

The present value of the life cycle costs was calculated to be 
0.13110 $/km. A summary of the baseline NTHV life cycle cost 
estimates is presented in Table 7. There are substantial differ- 
ences between the total acquisition, total energy, and total 
battery replacement costs of an NTHV and a reference conventional 
ICE vehicle. (.The battery life cycles and the battery costs for 
this economic analysis were obtained from Reference 9.) For the 
case presented in Table 7, the benefit per NTHV is $3072, and the 
net benefit per NTHV is $-4660. 

The negative net benefit led us to a search of breakeven petroleum 
prices , at which the life cycle cost of ownership of the NTHV is 
equal to that of the reference vehicle. For the case presented in 
Table 7, the breakeven petroleum price is 0.52 $/liter Cl. 9 7 $/gallon) . 
The benefit for the baseline NTHV system package is 70.15 percent 
of the maximum possible. If 100 percent benefit is desired, we 
would have to move to an all-electric vehicle, whose breakeven 
petroleum price is 2.34 $/liter C8.84 $/gallon) for a 122 km 
range vehicle. This result places the hybrid in a strong position 
to replace the reference conventional vehicle in the near term. 
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Table 7. Present-Value Life Cycle Cost Comparisons 
Between the NTHV and the Reference ICE 
Vehicle (1978 Dollars) 


Costs 

Baseline 

NTHV 

Percent 
of Total 

Reference 
ICE Vehicle 

Percent 
of Total 

1. Total acquisition cost 

10,753 

43.74 

8,372 

43. r 

2. Total energy cost 

2,673 

10.39 

4,379 

21.97 

3. Total maintenance and 
repair cost 

2,154 

8.76 

2,020 

10.13 

4. Total battery replacement 
cost 

3,621 

14.73 


* 

5. Total other operating cost 

5,312 

21.60 

5,158 

25.88 

6. R&D cost 

68 

0.28 

- 



Total ICC 


24,586 100.00 


19,929 


100.00 


SECTION 3 


VEHICLE CONCEPT 


3.1 BASE VEHICLE 

In the Technical Proposal we listed three possible base vehicle 
for the NTHV: an Audi 5000 modified to accommodate a hybrid power 

train, a General Motors "A" b^dy vehicle (Chevrolet Malibu, 

Pontiac La Mans, Olasmobile Cutlass, or Buick Century) converted 
to a front wheel drive hybrid, or a completely new vehicle, de- 
signed as a hybrid. To these possibilities the Design Trade-off 
Studies added a fourth: to modify a 1980 General Motors "X" body 

vehicle into a hybrid. Of these four alternatives we feel that 
the fourth is the best. It will yield the best hybrid vehicle. 

The 1980 General Motors X body is a front wheel drive vehicle 
which has just been introduced. It is being sold, in slightly 
different versions, as the Chevrolet Citation (replacing the Nova), 
Pontiac Phoenix, Oldsmobile Omega, and Buick Skylark. All of 
these vehicles have transverse-engine front wheel drive and a 
choice of a 2.5 liter four cylinder or a 2.8 liter 60 degree V-6 
engine . 

In General Motors' extensive downsizing and weight reduction pro- 
gram the 1980 X body represents the state of the art in packaging 
and weight reduction for a five passenger vehicle and is a very 
good base upon which to build a near term hybrid. Since it is a 
front wheel drive, the conversion will be simplified. 

3.2 POWER TRAIN CONFIGURATION 

We have made the initial decision that the Minicars NTHV will be 
a parallel rather than a series hybrid. That is, both the heat 
engine and the electric motor will propel the vehicle directly, 
either separately or together — rather than the electric motor 
providing all of the propulsion and the heat engine driving only 
a generator. The parallel hybrid system is more efficient than 
the series hybrid because it eliminates the double efficiency 
loss which occurs when the heat engine is the primary source of 
power. 
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SECTION 4 


BATTERY CAPACITY, ELECTRIC MOTOR 
AND HEAT ENGINE POWER SIZING 


Initially, the trade-off studies concentrated on three major 
governing parameters of an NTHV system: battery capacity, elec- 

tric motor peak power, and heat engine peak power. We followed 
the tradeoff methodology described above. During these studies 
the peak power to weight ratio was assumed to be 0.04 kW/kg. 

The GM X-body vehicle weights 1090 kg. If the total weight of 
the NTHV is higher than this, then the X-body will have to be re- 
inforced. To account for the reinforcements, we take the differ- 
ence of the two weights and add 30 percent 11 * of that number to 
the total weight of the NTHV. 

In this simulation we used ISOA lead-acid batteries with a battery 
life of 800 cycles (Reference 9) . The lead-acid battery capaci- 
ties were taken to be 8.4, 10.5, 12.6, 14.7, 15.75, and 16.8 kW- 
hr. The electric DC shunt motor peak powers were assumed to be 
14, 19, 24, 29, and 34 kW. The corresponding heat engine peak 
powers for a turbocharged diesel engine vary between 31.2 and 
64.6 kW, depending on the peak power of the electric motor. And 
the NTHV inertia weights vary between 1630 and 1964 kg, depending 
on the system package used. 

Each system package was put through CARSIM by using the base oper- 
ational strategy discussed above.' Regenerative braking was con- 
sidered in all modes of operation. Figure 7 shows the range when 
the electric motor is the primary drive component and the heat 
engine secondary. The range increases as battery capacity in- 
creases and electric motor peak power decreases. The variations 
in range become less sensitive to changes in the electric motor 
peak power at high peak powers. 

Each system package was put through Mission A. The petroleum con- 
sumptions per year and the petroleum economies that were evaluated 
are shown in Figures 8 and 9, respectively. For a given NTHV 
system package with a battery pack, there is one electric motor 
and heat engine combination that would minimize the petroleum 
consumption or maximize the petroleum economy. 

The petroleum consumptions for each NTHV system package were then 
compared with those of the reference ICE vehicle. Figure 10 shows 


4 * 


-21 








Oi 
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Figure 9. Averaged Petroleum Economy in Mission A 
(Reference .1) for Different NTHV System 
Packages 
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the benefit per NTHV as a function of battery capacity for various 
electric motor peak powers. This figure also verifies that there 
is a maximum benefit combination of batteries, electric motor and 
heat engine. As the battery capacity increases, the vehicle 
weight increases, and the benefit is penalized after the extremum. 

As mentioned above, the net benefit per NTHV was found to be nega- 
tive. This means that the cost of accruing this benefit is always 
higher than the benefit itself. Figure 11 shows the breakeven 
petroleum prices as a function of benefit for various NTHV system 
packages. In this figure each line corresponds to a constant 
electric motor peak power. The battery capacity increases with 
increasing breakeven petroleum price; for instance, on the line 
for the 14 kW electric motor the lowest point corresponds to an 
8.4 kW-hr battery capacity. The next higher point corresponds to 
a 10.5 kW-hr capacity, and so on. Figure 11 sets the relationship 
between policy making (e.g. , accepting a breakeven petroleum price 
for 1985) and the NTHV system's three major parameters — battery 
capacity, motor peak power, and engine peak power. The heat en- 
gine and motor power combination which maximized the benefit for 
a given battery package yields the plot shown in Figure 12. The 
upper portion of the curve is extrapolated . to the full-size elec- 
tric vehicle breakeven petroleum price obtained from Reference 13. 
Figure 12 verifies that the rate of increase in benefit decreases 
as the battery capacity increases. 
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Figure 11. Breakeven 1985 Petroleum Prices at Which the 
LCC of an NTHV System Package Equals the LCC 
of the Reference ICE Vehicle 










SECTION 5 
BATTERY TRADEOFFS 


It has been widely recognized that the practicality of electric and 
hybrid vehicles depends primarily on the availability of low-cost 
long-life batteries with, high specific energy and high specific 
power. The near-term battery alternatives for the hybrid vehicle 
are effectively limited to the three batteries involved in the 
Argonne National Laboratoty Near-term Electric Vehicle battery pro- 
gram. The three battery types are the lead-acid, the nickel-iron, 
and the nickel-zinc. The ctirrent statuses and the projected cap- 
abilities of these batteries ere given in Table 8. 


Table 8. Near Term Development Goals for Electric and 
Hybrid Vehicle Batteries 1 6 


Battery Type 

Specific Energy 
W-hrAg 

Specific 
Peak Power 

Lifetime Oeep 
Discharges 

Cost 

1978 $/kW-hr 

Lead-Acid 

Current 

40 

100 

800 

50 

Advanced 

60 

150 

1000 

40 

Nickel -Zinc 

Current 

70 

125 

200 

75 

Advanced 

90 

160 

1000 

65 

Nickel-Iron 

Current 

44 

130 

1500 

120 

Advanced 

60 

150 

3500 

63 


Mission A was used for the selection of the battery type for the 
NTHV. As mentioned above, this mission covers 98.8 percent of all 
trips. The specific energy and power relationships shown in 
Figure 13 illustrate the superiority of the nickel-zinc batteries. 
It is interesting to note that the specific energies of lead-acid 
and nickel-iron batteries behave similarly and drop drastically at 
high specific power levels, while the nickel-zinc battery maintains 


SPECIFIC POWER (W/KG) 


CURRENT STATUS C1976) 
PROJECTED (1980) 



Figure 13. Specific Power Versus Specific Energy 
for Near Term Battery Candidates 
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a fairly constant specific energy even at high, specific power 
levels. However, the battery trade-off studies showed that the 
nickel-zinc batteries are penalized by their short cycle life. The 
discussion below will show that battery cycle life becomes the 
governing parameter of battery selection for the NTHV . 

We studied the three batteries by using the baseline NTHV system 
package (12.6 kw-hr [3 hour rate] battery pack, 24 kW D.C. shunt 
motor, and 48.5 kW turbocharged Volkswagen diesel engine). The 
battery model used in CARSI>r 5 requires the input of an initial 
state of discharge, final state of discharge, initial open circuit 
voltage, internal battery resistances, discharge voltage depression 
constant, battery capacity, and constant coefficients for the 
battery current-versus-discharge time curve. The input parameters 
were obtained from up-to-date data on the battery described in 
References 16, 17 and 13. A typical plot of battery current versus 
discharge time for nickel-zinc batteries is shown in Figure 14. 

The discharge voltage and the internal resistances were obtained 
from the battery-voltage-versus battery-current data at various 
depths of discharge. A typical plot for nickel-zinc batteries is 
shown in Figure 15. 

The petroleum and electricity consumptions with the electric motor 
as the primary drive component and with the heat engine as the 
primary drive component are given in Tables 9 and 10, respectively. 


Table 9. Petroleum and Electrical Consumptions for Three 
Battery Types with the Electric Motor as the 
Primary Drive Component 


Battery 

Type 

FUDC 

[1/ cycle) 

FUDC 

(As/cycle) 

FHDC 

(Z/cycle) 

FHDC 

(As/cycle) 

SAE 

( Z/cycle) • 

SAE 

(As/cycle) 

Lead-Acid 

0.070 

0.2626 

0.062 

0.3711 

0.0 

0.0057 

Nickel-Zinc 

0.031 

0.1753 

0.015 

0.2562 

0.0 

0.0044 

Nickel -Iron 

0.034 

0.2413 

0.022 

0.3501 

0.0 

0.0051 


CURRENT 



Figure 14. Battery Current Versus Discharge Time 
for the Nickel-Zinc Battery 
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Nickel-Zinc Battery 


Table 10. Petroleum and Electrical Consumptions for Three 
Battery Types with the Heat Engine as the Pri- 
mary Drive Component 


MjQjgnHj 

FUDC 

(4/ cycle) 

FUDC 

(As/cycle) 

FHDC 

(1/cycle) 

FHDC 

(As/cycle) 

SAE 

(1/ cycle) 

SAE 

(As/cycle) 

Lead-Acid 

0.795 

0.0 

0.327 

0.0 

0.024 

0.0 

Nickel -Zinc 

0.683 

0.0 

0.748 

0.0 

0.019 

0.0 

Nickel -Iron 

0.713 

0.0 

0.765 

0.0 

0.021 

0.0 


The results show the advantage of the high specific energy levels 
possessed by the nickel-zinc batteries. The nickel-zinc batteries 
are depleted 33 percent less than the lead-acid in the urban driving 
cycle. The fuel consumption variations in Table 10 are due to the 
weight differences in the battery packs. 

We took the three batteries through Mission A. The results, given 
in Table 11, again show the impact of the high specific energy 
levels of the nickel-zinc batteries. 


Table 11. Results of Taking the Baseline NTHV System Pack- 
age Through Mission A for Three Near-Term 
Batteries 


Battery 

Type 

Annual 

Fuel 

Consumption 

(4) 

Fuel 

Economy 

(km/2) 

Annual 
El ectrlclty 
Consumption 
(kW/hr) 

Electricity 

Economy 

(km/kW-hr) 

Electric 

Range 

(km) 

Lead-Acid 

540 

34.42 

3225 

5.77 

36.0 

N1ckel»Z1nc 

346 

53.81 

2771 

6.71 

38.9 

Nickel -Iron 

447 

41.60 

3143 

5.91 

52.4 


The result* of the economic analysis for the three batteries are 
shown in Table 12. 
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Table 12. Results of the Economic Analysis of the Baseline 
NTHV System Package for Three Near-Term Batteries 


Battery 

Type 

Benefit 
1978 $ 

Net 

Benefit 
1978 $ 

Breakeven Petroleum Pric^ 
1978 %/l 1978 S/gal 

Lead-Acid 

3101 

-4567 

0.62 

2.35 

Nickel -Zinc 

3539 

-10448 

0.99 

3.75 

Nickel -Iron 

3321 

-2343 

0.43 

1.62 


The cycle lives of the lead-acid, nickel-zinc, and nickel- iron 
batteries were taken to be 1000, 500, and 2000, respectively. 

Table 12 shows that the life cycle costs of the NTHV system pack- 
ages are quite sensitive to battery cycle life. The high specific 
energy nickel-zinc battery shows more benefit (or petroleum savings) 
than the other candidates, but its replacement costs increase the 
breakeven petroleum price to 0.99 $/£. 

If the NTHV packages are evaluated from the consigner's point of 
view, the battery with the longest cycle life (nickel-iron) be- 
comes the prime candidate for the near-term hybrid vehicle. But 
if the petroleum savings are maximized, the battery with the 
highest specific energy, the nickel-zinc battery, becomes the prime 
candidate. And, if high volume at low cost is considered, the 
battery that requires no technical breakthroughs (for high volume 
production) , the lead-acid battery, becomes the first choice. 

Obviously, battery cycle life is a very significant parameter in 
NTHV life cycle costs. Figure 16 shows the variation of the net 
benefit with battery cycle life. If one could develop a battery 
which has the specific-power-versus-specific-energy profile of the 
improved state-of-the-art battery, and yet which lasts through the 
lifetime of the hybrid vehicle, the life cycle costs of the NTHV 
would be comparable to those of the .reference ICE vehicle. 

The battery depth of discharge effects the cycle life of the bat- 
teries. A typical variation of cycle life with depth of discharge 
for lead-acid batteries is shown in Figure 17 . We studied this re- 
lationship, again using the baseline NTHV package. The relation 
of the battery depth of discharge during a day to the petroleum 
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savings is shown in Figure 18. As the final state of discharge 
during the day decreases, the petroleum savings land the benefit) 
decrease. The effect of depth of discharge on electric range for 
the baseline NTKV is given in Table 13. 


Table 13. Variations of the Electric Range with the Battery 
Depth of Discharge for the Baseline NTHV 


Final Battery Oepth of 
Discharge Durino A Day 

Electric Range 
(km) 

0.8 

34.2 

0.6 

25.7 

0.4 

17.1 

0.3 

13.6 

0.2 

8.6 

0.1 

4.3 


The three major parameters for the battery trade-off studies, cap- 
acity, cycle life and depth of discharge, have quite different 
effects on the life cycle costs and on the annual petroleum con- 
sumptions. Figure 19 shows the effects of these parameters on the 
annual petroleum consumption and life cycle cost plane. The bat- 
tery cycle life is the parameter which minimizes both the petroleum 
consumption and the life cycle costs. Among the near-term batter- 
ies, the nickel- iron seems to have the highest battery cycle life. 
The Argonne National Laboratory program for nickel-iron battery 
development is aimed at increasing the nickel-iron battery's speci- 
fic energy level to 60 W-hr/kg and reducing its costs to 63 $/kW-hr 
in high production, while maintaining its long cycle life (>2000) . 
This program makes the nickel-iron battery the best candidate for 
the near-term hybrid vehicle. 
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ANNUAL PETROLEUM CONSUMPTION (A) 



LIFE CYCLE COST (1978$) 

Figure 19. Effects of Battery Capacicy, Cycle Life, and 
Depth of Discharge on Annual Petroleum Con- 
sumption and on Life Cycle Cost 
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SECTION 6 


HEAT ENGINE TRADEOFFS 

The heat engine was selected by maximizing the net benefit, as 
discussed in References 3 and 5. We considered four engines that 
appear to have especially promising specific fuel consumption, 
weight, cost, and near-term availability. Their specifications 
are given in Table 14. These engines meet the appropriate emission 
requirements, have good driveability and durability characteristics, 
and have very favorable qualitative features for the consumer. 

The weight gap between the diesel and the spark ignition engines 
under consideration does not have a great effect on the manufactur- 
ing costs and the vehicle performance characteristics. All four 
engines can be available in the near term in high production volumes 
and with essentially low unit manufacturing costs. 

The engine performance data were obtained from Bartlesville 
Energy Research Center testsl9-2l and from Reference 22. Figure 20, 
for instance, shows the fuel consumption curves for the turbo- 
charged Volkswagen Rabbit diesel engine. The engine specifications, 
the fuel consumption curves and the maximum torque data were in- 
putted into the Minicars hybrid vehicle performance simulation 
program. 

We used the same NTHV system package for the four engines: a 

12.6 kW-hr (3 hour rate) improved state-of-the-art lead-acid 
battery pack, a 24 kW D.C. shunt motor, and a 48.5 kW heat engine. 
The engines were scaled to 48.5 kW in order to meet the baseline 
NTHV system package performance requirements. For example, a 
96 percent stratified charge Honda spark ignition engine was used 
for the baseline NTHV system package. Tables 15 and 16 give the 
petroleum and electricity consumptions with the electric motor as 
the primary drive and with the heat engine as the primary drive, 
respectively. The electricity consumptions did not vary more than 
10 percent between the different heat engines, and regenerative 
braking recovered the electrical energy required when the heat 
engine is used as the primary drive component. The petroleum 
consumptions varied as much as 38 percent, with the turbocharged 
Volkswagen Rabbit diesel the lowest. 

The baseline NTHV system package was taken through. Mission A^' 2 
using the four different engines. Table 17 shows that the 
electricity consumptions were nearly the same, but the petroleum 
consumptions varied considerably. The diesel engines had better 
petroleum economies than did the spark ignition engines. 
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Figure 20. Fuel Consumption Curves for the Turbocharged 
Volkswagen Rabbit Diesel Engine 
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Table 17. Results of Taking the Baseline NTHV System Package 
Through Mission A for Four Heat Engines 


Heat Engine 

Annual 

Fuel 

Consumption 

(liters) 

Fuel 

Economy 

(km/ liter) 

Annual 

Electricity 

Consumption 

(kW-hr) 

Electricity 

Economy 

(km/ kW-hr) 

Turbocharged Volkswagen 
Rabbit Diesel 

540 

34.42 

3225 

5.77 

Naturally Aspirated 
Rabbit Diesel 

604 

30.80 

3281 

5.67 

Stratified Charge 
Honda, Spark Ignition 

700 

26.57 

3281 

5.67 

Volvo Spark Ignition 

739 

25.15 

3279 

5.67 


Table 18. Results of the Economic Analysis of the Baseline 
NTHV System Package for the Four Heat Engines 


Heat Engine 

Benefit 
1978 $ 

•Net 
Benef i t 
1978 $ 

Breakeven 
1978 S/l 

Petroleum Price 
1978 S/gal 

Turbocharged Volkswagen 
Rabbit Diesel 

3101 

-4567 

0.62 

2.35 

Naturally Aspirated 
Rabbit Diesel 

2951 

-4652 

0.65 

2.45 

Stratified Charge Honda 
Spark Ignition 

2723 

-4939 

0.71 

2.67 

Volvo Spark Ignition 

2630 

-5205 

0.75 

2.83 


The economic analysis results for the baseline NTHV system package 
with the four different heat engines are given in Table 18. The 
differences in net benefit are dominated by the differences in the 
life cycle fuel costs. Of the possible candidates for the NTHV , 
the turbocharged Volkswagen Rabbit diesel appears to be the best 
choice. 


SECTION 7 

ELECTRIC MOTOR, CONTROLLER AND BATTERY CHARGER 
7.1 ELECTRIC MOTOR 

The complete range of electric drive system candidates for Phase I 
of the NTHV study was shown £n figure 3-13 of the Technical 
Proposal for this program^ (reproduced as Figure 21 here) . The 
focus of the study has now narrowed to several of the most promising 
candidates. 

AC motor drives, both synchronous and asynchronous, were con- 
sidered for electric vehicle propulsion primarily because of the 
elimination of the commutator associated with dc motors. These 
drives have recently found application in rail vehicles. However, 
they have been excluded from further consideration in the NTHV 
program because of lack, of near term availability. 

In recent years the permanent magnet (PM) dc motor has received 
renewed interest because of the increasing commercial availability 
of high strength rare-earth permanent magnets. However, PM motors 
in the power range required for the NTHV are not expected to be 
available in the near term, and hence are no longer considered 
drive candidates. 

Three DC motor drives looked promising for the near term hybrid 
vehicle: the series dc motor with armature control, the shunt dc 

motor with, field control and the compound dc motor with field con- 
trol. These drives have similar manufacturing costs — approximately 
1.80 1978$/kg. Therefore these candidates were evaluated primarily 
on the complexity of control system design, performance and re- 
generative braking capability. 

There are two sorts of armature control on dc motors: contactor 

and chopper control. The series dc motor with contractor control 
is widely used in lov speed industrial and recreational vehicles. 

This drive was excluded from consideration for the NTHV because of 
problems of discontinuous acceleration and lack of regenerative 
braking capability. The series dc motor operating with field 
weakening speed control was also eliminated as a candidate because 
of the difficulties of implementing the field weakening control 
chopper. The armature chopper will be evaluated in Subsection 7.2.1. 
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Phase I Candidate Motor Drives 





























The shunt motor can provide adequate performance with, control only 
by means of a relatively low power field chopper. The need for an 
armature chopper is negated by using a clutch (or torque converter) 
to bring the vehicle up to a speed that matches the motor's base 
speed. The motor is started, with, the clutch disengaged, by means 
of a contactor and a starting resistor. The feasibility of shunt 
motor propulsion is enhanced by the availability of a variable ratio 
transmission. The transmission reduces the motor size by reducing 
the maximum required motor torque (.a benefit that applies to series 
motor propulsion as well) . Typical heat engine and shunt motor vs . 
speed characteristics are shown in Figure 22. 

The curve of power vs. speed for the shunt motor extends only down 
to base speed, indicating unloaded operation only below that speed. 
Power output is constant up to the speed (typically 4600 RPM) . 
This is obtained by reducing the field current and flux to maintain 
the motor bach EMF approximately equal to the battery voltage. At 
that speed, magnetic stability considerations do not perm*'.: further 
reduction of flux, and power output decreases with, additional in- 
creases in speed. 

The control of the speed and power of dc electric meters for 
vehicle propulsion systems is generally accomplished i'.y varying 
the effective voltage applied to the armature , by varying the 
effective motor field excitation, or by a combination of the two. 

Armature voVrage control affects the motor speed at a given load 
nearly in proportion to the effective valur of armature voltage - 
that is, the applied voltage less the resistance drop. 

Since motor speed is an inverse function e.* the effective field 
magnetization or flux, the motor speed ar.i cower can also b<? con- 
trolled by varying the field excitation. This can be readily 
accomplished in either the shunt or compound type of motor by 
controlling the relatively low level cur rent: used to excite the 
shunt field coils. Speed ranges on the : rder of 2:1 to 3:1 can be 
obtained with this type of control. The limitations to chis speed 
range are caused by the saturation of the rragnetic path of the 
machine at the maximum field, or low speed end, and by commutation 
stability and pole face polarity reversal effects at the high speed, 
or weak field end. These limitations are caused by the distorting 
effects of armature reaction, or cross-magnetization, which effec- 
tively distorts or weakens the effective main field as a function 
of armature current. In general terms, a field excitation of at 
least 40 percent of the effective armature ampere turns for 
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Interpol* motors, and at least 80 percent for non-interpol motors, 
must be maintained for the maintenance of proper motoring action. 

With the compound motor this can be inherently produced by providing 
just sufficient series main field turns to yield this minimum value 
of field excitation. This is because, as stated above, the minimum 
value of field excitation is a percentage of armature excitation 
(is proportional to armature current) . Accordingly, when the series 
winding is designed to supply this minimum excitation requirement, 
the shunt field current can be varied from maximum to zero over 
the load range of the motor without loss of commutation stability 
due to armature reaction. 

In straight shunt field motors, where there is no armature current 
actuated series field winding, the field current controller must 
also be designed to provide the required minimum value of field 
excitation in order to control armature reaction effects at all 
times and load conditions. With motors that are subject to sudden 
speed changes or transient loads, the required field excitation 
changes may have to be accomplished very quickly, to prevent the 
motor from entering an unstable commutation range. Hence the 
control circuitry may need to include anticipatory, or closed servo 
loop, field forcing capability. 

It should be noted that in either motor design, shunt or compound, 
the minimum practical field magnetization land hence maximum 
effective power output) will be essentially the same — that is, 
as governed by the armature reaction problem. Therefore, given 
otherwise similar motor designs, there is no power advantage to be 
obtained from eliminating the series field. The total field 
excitation power requirement also does not change, for it does not 
matter whether this is obtained by shunt or series field coils. 
However, the straight shunt motor imposes a more complex field 
current control requirement in order to meet the minimum field 
excitation needs of the motor. It is only the ease of designing 
the overall motor, engine and transmission control system that 
emphasizes advantages of the compound over the shunt motor. 

7.2 MOTOR CONTROLLER 

The two possible control modes for a compound motor are field 
voltage control and combined armature and field control. Armature 
current control only (.with the field connected directly to the 
battery) is not a viable option because of the wide fluctuation of 
battery voltage. 
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7.2.1 Armatur e Voltage Control 


Several facts must be borne in mind when evaluating the practicality 
of armature voltage control for relatively large and high perfor- 
mance vehicles (such, as the NTHV) . First, the size and cooling 
requirements of an armature controller are determined largely by 
the maximum armature current. This current is high, at approximately 
300 Adc, and is on the order of that of a rapid transit car pro- 
pulsion motor (.which powers, in sets of four, a vehicle having a 
loaded weight of approximately 50. times that of the NTHV) . This 
current level is dictated by the relatively low voltage of the 
battery. The voltage is set by the availability of existing de- 
signs of cell assemblies and the maximum number of cells that can 
operate in series with adequate reliability. 

The armature current will be higher still , and the motor size 
increased still further, if a variable ratio transmission is not 
provided to reduce the maximum motor torque requirement. A recent 
article 23 describes some of the operating limitations attendant 
to the use of a constant ratio transmission EV drive. For example, 
the high current required to negotiate a 5 percent grade permits 
vehicle operation for only 20 seconds before commutator overheating 
occurs. 

Either thyristor (SCR) or • transistor switches can, in principle, 

.he used to implement an NTHV armature chopper. The transistor 
chopper can also utilize conventional bipolar transistors, Darlington 
bipolar transistors, or field effect transistors. The SCR chopper, 
unlike the transistor chopper, does not require any advance in 
device technology to obtain adequate drive performance. However, 
the inherent complexity of the SCR chopper required to meet the 
NTHV requirements appears to make this approach economically 
impractical. 

7.2.2 Transistor Armature Voltage Control 

Conventional bipolar transistors have the greatest power handling 
capability per unit area of silicon because of the relati/ely low 
on-state voltage. However, the transistor gain is low (.typically 
less than 10) at high collector current levels, and this leads 
to high base current requirements and complex drive circuitry. The 
Darlington transistor incorporates a driver transistor packaged 
with the main transistor. This increases the gain to typically 
several hundred or more but reduces the current handling capability 
by reducing the amount of silicon allotted to the main transistor 
and bv increasing the saturation voltage and on-static losses. 
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Paralleling is required for either conventional or Darlington 
bipolar transistors to obtain the 300 A rating required for NTHV 
drive motor control. Significant derating is necessary because of 
the tendency of the transistors to share current unequally, a ten- 
dency which is aggravated by the negative temperature coefficient 
of saturation voltage. This characteristic causes the warmest 
transistor to take an increased share of the total current, raising 
its temperature still further. 

A less apparent problem in paralleling bipolar transistors concerns 
the inevitable mismatch in turnoff time, which causes the last 
paralleled transistor to turn off to conduct all of the load current. 
Again, this effect is aggravated by the temperature dependence of 
turn-off time which causes increased turn-off time, (.and increased 
conduction of the total current for a longer tiroel as the transistor 
temperature increases. Tum-off time mismatch also aggravates tho 
problem of secondary breakdown in bipolar transistors. Secondary 
breakdown is a failure mode which is caused by the tendency for 
collector current to crowd into a small portion of the normal 
current path under the influence of high blocking voltage. This 
causes localized heating, which can produce either gradual device 
degradation or catastrophic failure. 

The Metal Oxide Semiconductor Field Effort Transistor (MOSFET) has 
emerged within the last three years as a potential replacement for 
the bipolar transistor power switch. This is due to three inherent 
advantages: 

• Essentially infinite dc power gain 

• Positive temperature coefficient, permitting stable 
paralleling 

• No secondary breakdown characteristic. 

The state of the art in power MOSFET technology is represented by 
the International Rectifier IRF100, rated at 80 V and 16 A, and 
the IRF306, rated at 350 V and 5 A. Both of these devices are 
available in TO-3 packages. For the present application, a voltage 
rating of 160 V is required. Assuming that a modified version of 
the IRF100 design could be targeted for 160 V, one would expect 
the current rating to be reduced to (.80/160) 16 = 8 A. To meet 
the 300 A requirement for a NTHV armature chopper, a total of 
300/8 = 38 paralleled devices would be required. This is an 
impractically large number and indicates that significantly more 
progress must be made in power MOSFET technology before the device 
can be considered for application to armature choppers. However, 


the MOSFET does appear promising for use in field choppers; this 
subject is discussed in Subsection 7.3.1. 

7.2.3 SCR Armature Voltage Control 

The SCR switch, in armature chopper application imposes none of the 
power handling limitations discussed above for transistor switches. 
This is because of the tendency of anode current in the SCR to 
force the device harder into conduction, thus maintaining a low 
on-state voltage even in the presence of high fault currents. By 
way of contrast, collector current in the transistor tends to force 
the device out of conduction if collector current exceeds the 
rated value by even a small amount. This gives the transistor a 
very small overload capacity relative to the SCR. 

Much of the complexity of the SCR chopper stems from the inductor- 
capacitor (LC) circuitry and the auxiliary SCRs and diodes required 
to turn off the main SCR. This complexity is acceptable in high 
powered (and expensive) vehicles, such as electric locomotives and 
rapid transit cars. In such applications, the high voltage, as 
well as the high current, capability of the SCR is fully utilized. 

Additional complexity is introduced into the SCR chopper by the 
requirement for regenerative braking. This necessitates either 
the use of additional semiconductor and LC elements to perform 
the braking function, or the use of contactors to change the 
circuit connections in the braking mode. The former approach gives 
poor utilization of the electronic components, while the latter 
introduces frequently cycling contactors ~ which reduce the overall 
reliability of the drive system. Figure 23 illustrates a typical 
SCR chopper. (.This figure does not include the details of the 
field chopper which is required to buffer the field winding from 
the varying battery voltage and which may also be used to extend 
the motor speed range by field weakening.) 

The components in Figure 23 are 

F = Fuse 

Kl => Battery disconnect contactor 

K2 * Chopper bypass contactor 

K3 * Motor/brake mode transition contactor 

Dl » Free wheel diode for motoring 

D2 = Free wheel diode for braking 

FI = Compound motor series field 

F2 ® Compound motor shunt field 


- 55 - 



Typical SCR Armature Chopper 






1 


The chopper is composed of one main and two auxiliary SCRs, two 
commutating inductors, a commutating capacitor, three RC dv/dt 
suppression networks, and three SCR gate driver circuits. 

Quotations were obtained on chopper components for production at 
a rate of 1000 choppers per year. The resulting production cost 
breakdown for a 300 A regenerative armature chopper is given in 
Table 19. 

Table 19. Regenerative Armature Chopper Production 
Cost Breakdown 


Contactors (_3) 

$203.00 

SCRs (3) 

115. QC 

Diodes (2} 

50.00 

Conmutating capacitor 0 ) 

3.50 

Conmutating inductors (21 

15.00 

Gate drive components 

25.00 

dv/dt resistors & capacitors 

35. QQ 

Heat sink extrusions 

25.00 

Miscellaneous parts 

35. Q0 

Manufacturing labor 

200.00 

Total Manufacturing Cost 

$712.50 


In motor control manufacturing for a competitive market a 100 percent 
markup on manufacturing cost is typical. This markup makes the 
price of the armature chopper $1,425.00. For high mass production 
(say 100,000 units per year) we estimate the cost to be approx- 
imately 20 percent lower. Still, this cost analysis indicates that 
the armature chopper approach to electric vehicle control is not 
economically viable. Together with the relatively high on-state 
and switching losses inherent in using solid state switching 
controls in low voltage drive systems, this fact led to the 
selection of the field controlled motor as the baseline electric 
propulsion system for the NTHV. 

7.2.4 Motor Field Control 

Motor speed can be controlled over a speed range of up to 3:1, 
depending on the motor's magnetic circuit design. This speed 
range can be multiplied by the range of the transmission's shift 
ratios to provide an acceptable vehicle speed range. The field 
controlled motor has a minimum Chase) speed which, for a given 
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design, is set by the battery voltage. In vehicle operation, 
the declutched motor is started with contactors and a current 
limiting resistor. The clutch (.or torque converter) is then slipped 
until the vehicle reaches the motor’s base speed in the lowest 
gear. This operation also takes place for ICE propulsion, except 
that thr idle speed of the engine may be less than the base speed 
of the electric motor. 

Both bipolar transistors and MOSFET transistors are practical for 
use in the field chopper. We have selected the MOSFET approach 
because it permits a simpler circuit design and is potentially 
more reliable (for the reasons discussed in Subsection 7.2.2) . 

The rapid improvements in MOSFET technology now taking place promise 
to reduce or eliminate the present requirement for parallel 
operation. 

The performance requirements for the motor field controlles are 
given in Table 20. Figure 24 is a block diagram of the field con- 
troller. Timing diagrams for the controller are shown in Figure 25. 

For simplicity, we have assumed zero initial field current and a 

constant command signal. The first pulse from the clock generator 

following application of the clock enable signal sets of Q output 

of the R-S flip-flop high, turning on the power switch. Battery 1 

voltage is then applied to the field winding and current increases 

at an initial rate of E^/Lf amperes/second. The current feedback 

signal developed in the current sensor is subtracted from the 

command signal. When this difference becomes negative, as it 

does in Figure 25 after the third clock pulse, the comparative 

output goes high, resetting the flip-flop output to zero and 

opening the power switch. Current in the field winding then 

decays exponentially through the free-wheeling diode (FWD) 

according to the time constant Lf/Rf. At the instant of the fourth 

clock pulse, the flip-flop is reset and the power switch is closed 

to re-apply battery voltage to the winding, causing current to 

again rise to the commanded level. 

I 

The circuit diagram of the motor field controller is shown in 
Figure 26. The low level control components (consisting of re- 
sistors, capacitors and several multiple operational amplifier 
and logic gate integrated circuits) can be packaged on a 3 x 5 
inch p.c. board. The three paralleled MOSFET transistors would 
then be mounted on a common heat sink together with the 15-volt 
regulator and 40 mOhm shunt resistor. 


y 


l 
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Table 20. Performance Requirements 
for the Motor Field Controller 


Input Voltage . The MFC will be designed to operate over an input voltage 
range of 50 to 95 Vdc. This covers the conditions of maximum discharge to 
maximum charge. 


Load Impedance . The MFC load impedance is the motor field winding which can 
be described as an equivalent series resistance and inductance. 

The load resistance has a nominal value of 1.55 ohms at a winding temperature 
of 20°C and varies from 1.40 ohms at -20°C to 2.50 ohms at 150°C. 

The incremental load inductance has a nominal value of 0.10 H at low current 
and follows the saturation curve shown below at higher current. 



Transfer Function . The MFC provides a steady state output current propor- 
tional to an input dc command signal. The controller trans-crnductance factor 
is 2.0 A/V. 
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Table 20, continued 


Input Signals . Three MFC input signals are available. These are 

• Current command analog signal; 0 to 10 Vdc. From 2.0 k& source 
impedance. 

• Field forcing discrete signal; normally 0 Vdc, 15 Vdc for field 
forcing command. From 2.0 kft source impedance. 

• Mode control signal; 0 Vdc for standby mode, 15 Vdc for operate 
mode. 

Output Current . The maximum MFC output current under any condition of bat- 
tery voltage or field winding temperature is 20 Adc. 


Output Power . The maximum MFC continuous power output varies with field 
winding temperature from 550 W at -2Q°C to 1000 W at 150°C. 


Output Voltage . The maximum MFC continuous output voltage varies with wind- 
ing temperature from 28 Vdc at -20°C to 50 Vdc at 150°C. 


Field Forcing . Higher than rated voltage is applied to the field winding 
for a period of less than 0.5 second to provide rapid motor deceleration when 
changing gears. In the field forcing mode, full battery voltage (less any 
switching element voltage drop) is applied to the field winding. 


Electromagnetic Interference (EMI) . EMI from the MFC must be limited to a 
level which does not interfere with the vehicle electronic systems. 


Efficiency . The efficiency of the MFC must be greater than 90 percent at 
maximum output current and greater than 80 percent at 50 percent output 
current. 


Packaging . The MFC will be housed in a sealed package with conduction cool 
ing to the vehicle mounting surface. The temperature range of the MFC 
mounting surface is -20°C to +65°C. 
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Figure 24. Field Controller 
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Figure 26. Shunt Field Controller 


7.3 BATTERY CHARGER 


7.3.1 On-Board Charger 


The on-board charger requirements listed in the Vehicle Minimum 
Requirements of the RFP for this program 24 are 

Input: 120 Vac 60 Hz single phase 

Output: 15 Adc and 30 Adc maximum. 

The primary considerations for the selection of a design approach 
for the on-board charger are: weight, cost, charger efficiency, 

input line power factor and electromagnetic radiation. The 
efficiency of the battery charging process texpressed in terms of 
energy available from the battery, relative to energy input to the 
battery during charging) is not a selection factor because any of 
the charger approaches considered can, through proper design of 
the low level control circuitry, achieve the acceptable maximum 
charging efficiency of 70 percent. This circuitry does not sig- 
nificantly impact the overall cost or size of the charger. 

There are two feasable approaches to implementing the charger power 
conversion circuitry: phase controlled 60 Hz SCR rectification of 

the ac line voltage and high frequency chopper control of the 
battery current. In either case, transformer isolation is required 
to avoid the shock hazard. For the 60 Hz approach the weight of 
the transformer is estimated at 32 kg for the required 4.0 kVA 
rating. This weight translates to an excessive range penalty, 
which effectively eliminates controlled 60 Hz rectification from 
further consideration for the on-board charger. 

An on-board charger with acceptable weight can be achieved by 
changing the 60 Hz line frequency to a frequency of typically 
20 kHz. This frequency is high enough to avoid audible sound and 
low enough to be processed with available power transistors. We 
estimate the weight of the 4.0 kVA 20 kHz isolation transformer to 
be 6 kg and we add 5 kg to this for the high frequency output 
current smoothing inductor. We therefore estimate the total 
charger weight, including 4 kg of electronic components to be 15 kg. 

Figure 27 shows the power electronics components of the charger. 

The input rectifier, consisting of diodes Dl through D4 , converts 
the 120V-60HZ line voltage into a pulsating d> supply voltage for 
the push-pull transistor amplifier. The capacitor across the 
output of the rectifier supplies the 40 kHz ripple current demand 





1 


I 

I of the amplifier to minimize EMI conducted into the 60 Hz mains. 

EMI is further suppressed by an EMI filter consisting of series 
inductor and shunt capacitor elements. 

The isolation transformer output is rectified by diodes D5 through 
D8 to form the charger output voltage to the propulsion battery. 

The high frequency rectifier diodes must be of the fast recovery 
type to avoid excessive switching losses. These diodes have higher 
on-state losses than the input rectifier diodes and this affects 
the size of the rectifier heat sink. The power transistors can be 
of either bipolar or MOSFET type. Bipolar transistors are avail- 
able with ratings adequate to avoid th« need for parallelling. 

These transistors are expensive (.typically $90.00 each for a 
Westinghouse D60T in 1000 unit quantities) , have considerable 
switching loss at 20 kHz# and require elaborate base drive cir- 
cuitry. The much newer MOSFET transistor, however, r.as minimal 
switching loss and base drive requirements and is cost competitive 
with bipolar devices, even when paralleled to obtain a rating 
equivalent to a single bipolar transistor. Further, the rapid 
improvements occurring in MOSFET power transistor technology 
promise to eliminate the need for paralleled transistors in the 
near future. Therefore we have selected power MOSFET transistors 
for use in the baseline on-board charger design. 

Figure 28 is a series of timing diagrams which indicate ho\. pulse 
width modulation (PWM) can be used to control the charger output. 
The time scale is altered to show the effect of increasing battery 
EMF on the PWM transistor base drive signal. 

We should also note that the field supply controller ard. the on- 
board charger could be combined. These units are of approximately 
the same power rating. Their requirements differ chiefly in the 
need for an isolation transformer in the charger. A weight 
savings of approximately 10 kg (.40 percent) , and a similar cost 
reduction, could be realized by their combination. 

7.3.2 Off-Board Battery Charger 

The off-board charger requirements listed in the vehicle Minimum 
Requirements of the RF? for this program 2 "* are 

Input: 208 Vac or 240 Vac, 60 Hz 

Output: 60 Adc maximum. 


K 
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As we mentioned about the on-board charger, the weight, cost, 
charger efficiency, input line power factor and EMI are design 
selection factors. The weight of the off-board charger is not 
critical, but cost, charger efficiency and input line power factor 
are important factors in determining the practicality of wide- 
spread use of both electric and hybrid vehicles. 

The phase controlled SCP rectifier provides an efficient and low 
cost means of ac/dc conversion. Also, the limited range of dc 
output voltage required for the battery charger application per- 
mits a reasonably good input line power factor, in the range of 
70 percent to 95 percent. The SCR rectifier approach is penalized 
by the weight of the required isolation transferrer and smoothing 
inductor. But this weight penalty does not app.-- ,r to be as severe 
as the reduced efficiency (.primarily due to the need for three 
power conversion stages) and higher cost at the transistorized 
off-board charger. Therefore the SCR charger is the preferred 
approach. Figure. 29 shows the power circuit components of the 
SCR type off-board charger. 
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4 * 


Figure 28. On-Board Charger Waveforms 







SECTION 3 



TRANSMISSION 


8.1 TYPE OF TRANSMISSION 

In the parallel hybrid vehicle both the heat engine and the electric 
motor are connected, through separate clutches, to a single trans- 
mission. Figure 30 is a schematic layout of the parallel hybrid 
system. The transmission and clutches are controlled by an on-board 
microcomputer which both determines the power usage of the heat 
engine and electric motor and selects the optimum gear ratio for the 
power plant in use. 

Since no continuously variable transmission that is efficient, 
lightweight and small enough to use in the NTHV will be available 
in the near term, we investigated the use of a five-speed manual 
and a three-speed automatic transmission in the baseline NTHV. 

We inputted the optimum five-speed manual shift schedules (Table 21) 
into the hybrid vehicle simulation program in order to simulate 
the heat engine and the electric motor at their most efficient 
regimes (for the power required) . A similar study was conducted 
for the three-speed automatic transmission. The results of taking 
the baseline NTHV through the FUDC, FHDC, and SAE J227a(.B) cycles 
are given in Tables 22 and 23. 

Table 22. Petroleum and Electricity Consumptions for 
the Baseline NTHV with Manual and Automatic 
Transmissions, Electric Motor Primary Drive 


Transmission FUDC FUDC FHDC FHDC SAE SAE 

Type (2,/cycle) C&s/ cycle) (.2,/ cycle) (As/ cycle) (2,/ cycle) Us/cycle) 

5-Speed Manual Q.Q7Q Q.2624 0.Q62 0.3711 oTo 0.0057 

3-Speed Automatic 0.108 0.3373 0.083 0.3937 0.0 0.0101 


Table 23. Petroleum and Electricity Consumptions for the 
Baseline NTHV with Manual’ and Automatic Trans- 
missions, Heat Engine Primary Drive ] 

Transmission FUDC FUDC FHDC FHDC SAE SAE 

Type (2/ cycle) (As/cycle) (2/cycle) (As/cycle) (2/cycle) (As/cycle) j 

5-Speed Manual 0.795 oTo 0.827 575 0.024 oTo 

3-Speed Automatic 0.929 0.0 0.872 0.0 0.027 0.0 1 
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Table 21. Five-Speed Manual Transmission Optimimum 
Shift Schedules 


Shift Curves - Internal Combustion Engine 


First Gear 

Upshift RPM 

1825 

1828 

1832 

3450 

4899 

4902 




Upshift Torque 

-999.0 

0.0 

23.8 

39.1 

42.3 

999.0 




Downshift RPM 

-3450 

-3445 

-3440 







Downshift Torque 

-999.0 

0.0 

999.0 






Second Gear 

Upshift RPM 

1591 

1593 

1597 

2910 

3298 

4976 

4986 

4988 


Upshift Torque 

-999.0 

0.0 

25.8 

41.2 

46.9 

49.0 

67.0 

999.0 


Downshift RPM 

1007 

1009 

1011 

1261 

1940 

2425 

2427 



Downshift Torque 

-999.0 

0.0 

46.4 

57.7 

77.3 

82.5 

999.0 


Third Gear 

Upshift RPM 

1301 

1302 

1303 

1860 

3100 

3720 

4985 

4991 


Upshift Torque 

-999.0 

0.0 

24.2 

36.3 

52.4 

58.9 

55.6 

999.0 


Downshift RPM 

1004 

1006 

1007 

1860 

2108 

2377 

2883 

2884 


Downshift Torque 

-999.0 

0.0 

44.4 

71.0 

82.3 

84.7 

104.8 

999.0 

Fourth Gear 

Upshift RPM 

1305 

1310 

1314 

2910 

3395 

4991 

4996 



Upshift Torque 

-999.0 

0.0 

20.6 

49.5 

60.8 

55.7 

999.0 



Downshift RPM 

1008 

1009 

1010 

1455 

2425 

2910 

3511 

3516 


Oownshift Torque 

-999.0 

0.0 

34.0 

51.5 

74.2 

84.5 

79.4 

999.0 

Fifth Gear 

Upshift RPM 

4984 

4988 

4991 







Upshift Torque 

-999.0 

0.0 

999.0 







Oownshift RPM 

1001 

1005 

1009 

2250 

2625 

3484 

3488 



Downshift Torque 

-999.0 

0.0 

29.3 

70.7 

86.7 

80.0 

999. C 
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Table 21 (Cont'd) 
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The five-speed manual transmission has 14 percent less fuel con- 
sumption in FUDC and 5 percent less fuel consumption in FHDC than 
the three-speed automatic transmission. When the baseline NTHV 
was taken through Mission A with the two types of transmission, the 
results in Table 24 were obtained. 

Table 24. Results of Taking the Baseline NTHV Through 

Mission A with. Manual and Automatic Transmissions 


Transmission Type 

Annual Fuel 
Consumption 

U) 

Fuel Economy 
( km/A) 

Annual 

Electricity 

Consumption 

(kW-hr) 

Electricity 

Economy 

(km/KW-hr) 

Electric 

Range 

(km) 

5-Speed Manual 

540 

34.42 

3225 

5.77 

36 

3-Speed Automatic 

667 

27.89 

3667 

5.07 

30 


The cost and weight panalties of the automatic transmission add 
to the fuel consumption penalty and show significantly in the life 
cycle costs given in Table 25. 


Table 25. Economic Analysis of the Baseline’ NTHV with 


Manual 

and Automatic 

Transmissions 


Transmission 

Cost of Accruing 

Life Cycle Breakeven 

Petroleum 

Type Benefit 

this Benefit 

Cost Price 

(1978 S) 

(1978 S) 

(1978 S) (S/A) 

(S/gal) 

5-Speed Manual 3101 

7668 

24495 0.62 

2.35 

3-Speed Automatic 2802 

8047 

25173 0.72 

2.73 


For both petroleum savings and life cycle costs, the five-speed 
manual transmission is the best choice for the near term hybrid. 

But it would have marketability problems. These problems could 
be greatly reduced by microcomputer control of the manual trans- 
mission and the two clutches. Such, automatic control would also 
aid the efficiency of the powertrain. Based on the control strategy 
chosen, it would determine the choice of engine or motor, the power 
setting and the optimum gear ratio. 


- 74 - 


However, this system has one shortcoming - it still depends on a 
manual transmission, and, therefore, it can not be shifted under 
power. The engine/motor power must be disconnected by disengaging 
a clutch before the transmission can be shifted, and will remain 
disconnected for a minimum of 0.5 seconds during the shift. The 
power can only be reconnected to the driving wheels after the shift 
is completed. While this loss does not cause a problem on driver 
controlled manual transmissions (because the driver controls the 
time of shifting) , it may be unacceptable to the driver of the 
computer controlled manual transmission. An automatic trans- 
mission, because of its planetary geartrain, can be shifted under 
load, so there is no unexpected loss of acceleration or gradeability 
when the shifting control decides that the optimum time for shift- 
ing has arrived. 

As a result of this possible shortcomming, we are considering the 
use of a computer controlled automatic transmission, with com- 
puter control of both the transmission shifting and the torque 
converter lock-up clutch. Although the automatic transmission 
losses can never be reduced to the level of a manual transmission, 
the power losses of the automatic shown above could be significantly 
lowered by careful design. 

8.2 GEAR RATIOS 

For the five-speed computer controlled manual transmission, we 
investigated the two different stts cf gear ratios listed in 
Table 26. The comparative results are given In Tables 27 through 30. 
These tables show that a 10 percent variation in the low gear ratios 
does not affect the baseline NTHV performance, fuel economy, or 
life cycle costs. 

Table 26. 5-Speed Manual Transmission Gear Ratios 


Gear Number 

Baseline Gear Ratios 

Trial Gear Ratios 

1 

3.45 

3.80 

2 

1.94 

2.14 

3 

1.24 

1.37 

4 

0.97 

1.07 

5 

0.75 

0.75 
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Table 27 


. Petroleum and Electricity Consumptions 
for the Baseline NTHV with Different 
Gear Ratios, Electric Motor Primary 
Drive 


Range of 
Gear Ratios 

FUDC 

U/cycle) 

FUDC 

(AS/cycle) 

FHDC 

U/ cycle) 

FHDC 

(AS/cycle) 

SAE 

U/cycle) 

SAE 

(AS/cycle) 

3.45+ 0 .75 

0.070 

0.2624 

0.062 

0.3711 

0.0 

0.0057 

3.80+ 0 .75 

0.083 

0.2587 

0.062 

0.3677 

0.0 

0.0057 


Table 28. Petroleum and Electricity Consumptions 
for the Baseline NTHV with Different 
Gear Ratios, Heat Engine Primary Drive 


Range of 
Gear Ratios 

FUDC 

U/cycle) 

FUDC 

(AS/cycle) 

FHDC 

U/ cycle) 

FHDC 

(AS/cycle) 

SAE 

U/cycle) 

SAE 

(AS/cycle) 

3.45+ 0 .75 

0.795 

0.0 

0.827 

0.0 

0.024 

0.0 

3.80+ 0 .75 

0.790 

0.0 

0.846 

0.0 

0.023 

0.0 
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Table 29 . Results of taking the Baseline NTHV 
Through Mission A with with Dif- 
ferent Gear Ratios 


Annual 

Range of Annual Fuel Electricity Electricity Electric 

Gear Ratios Consumption Fuel Economy Consumption Economy Range 
U] (km/ 1} (kW-hr) (km/KW-hr) (km) 

3.45 - 0.75 540 34.42 3225 5.77 36 

3.30 * 0.75 549 33.87 3218 5.78 36 


Table 30. Results of the Economic Analysis of 
the Baseline NTHV with Different 
Gear Ratios 


Range of 
Gear Ratios 


Benefit 
(1978 S) 


Cost of Accruing 
this Benefit 


(1978 S) 


Life Cycle 
Cost 
(1978 $) 


Breakeven Petroleum 

Price 

[ $/l ( S/gal ) 1 


3.45 - 0.75 3101 

3.80 - 0.75 3080 


7668 

7666 


24495 

24513 


0.622 (2.35) 

0.624 (2.36) 


8 . 3 FINAL DRIVE 


A similar analysis of the final drive ratios has shown that the 
hybrid performance characteristics/ fuel economy, and life cycle 
costs are insensitive to small variations Con the order of 10 per- 
cent) in the final drive ratio. The baseline NTHV final drive 
ratio is 3.90. 

3.4 REGENERATIVE BRAKING 

Another method by which the fuel economy of the hybrid vehicles 
can be improved is through the recovery and re-use of braking 
energy. The extensive studies described in References 25 and 26 
show the feasibility of regenerate e braking systems in vehicles. 
The baseline NTHV was taken through different driving cycles with 
and without regenerative braking. The results are given in 
Tables 31 and 32. The baseline NTHV with regenerative braking has 
a 15 percent electricity consumption saving in FUDC and a 4 percent 
electricity consumption saving in FHDC . 


Table 31. Petroleum and Electricity Consumptions for 
the Baseline NTHV With and Without Regen- 
erative Braking, Electric Primary Drive 


Regenerative 

Braking 

FUDC 

U/cyde) 

FUDC 

(dS/cycle) 

FHDC 

(2/ cycle; 

FHDC 

( AS/cvcl e ) 

SAE 

(2/cycle) 

SAE 

(iS/cycle) 

Yes 

0.070 

0.2624 

0.062 

0.3711 

0.0 

^ . 0057 

No 

0.063 

0.3133 

0.056 

0.3867 

0.0 

0.0065 

Table 

32. Petroleum and Electricity Consumptions for 
the Baseline NTHV With and Without Regener- 
ative Braking, Heat Engine Primary Drive 

- 

Regenerative 

Braking 

FUDC 

(1/ cycle) 

FUDC 

US/cycle) 

FHDC 

(2/cycle) 

FHDC 

{tS/cycl e) 

SAE 

(2/ cycle) 

SAE 

(dS/cycle) 

Yes 

0.795 

0.0 

0.827 

0.0 

0.024 

0.0 

No 

0.774 

0.0029 

0.817 

0.0026 

0.023 

0.0 


We then combined the driving cycles to represent Mission A and 
obtained the results in Table 33. In this mission the recovery 
and re-use of braking energy would save 5.6 percent of the 
petroleum and 4.7 percent of the electric energy per year. We 
estimate the manufacturing cost of a regenerative braking system 
for a hybrid vehicle to be approximately $15 (in 1973 dollars) . 
results of the life cycle cost analysis with and without regen- 
erative braking are given in Table 34. The benefit gained by 
regenerative braking is cost effective in the hybrid vehicles. 
The same result was also found in Reference 25 . 

Table 33. Results of Taking the Baseline NTHV 
Through Mission A with and Without 
Regenerative Braking 


Regenerative 

Braking 

Annual Fuel 
Consumption 

U) 

Fuel Economy 
(km/i) 

Annual 

Electricity 

Consumption 

(kW-hr) 

Electricity 

Economy 

(km/KW-hr) 

Electric 

Range 

(km) 

Yes 

540 

34.42 

3225 

5.77 

36 

No 

572 

32.50 

3381 

5.50 

31 


Table 34. Results of the Economic Analysis of the 
Baseline NTHV with and Without Regener- 
ative Braking 


Regenerative 

Braking 

Benefit 
(1978 $) 

Cost of Accruing 
This Benefit 
0 978 $) 

Life Cycle Breakeven Petroleum 
Cost Price 

0 978 $) [$/£ t$/gal}] 

Yes 

3101 

7668 

24495 0.62 

(2.35) 

NO 

3Q25 

7644 

24546 0.64 

(2.40) 


The 
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SECTION 9 


ACCESSORIES 


The heat engine and vehicle accessories (such as the cooling fan, 
water pump, alternator, air pump, and air conditioner) use as 
much as 40 percent of the total power required. A typical acces- 
sory power requirement is given in Figure 31. It has been shown 27 
that a constant, low speed accessory drive can improve fuel 
economy approximately 10 percent. When the accessory power re- 
quirements are added to the road power requirements in a hybrid 
vehicle, the fuel economy drops dramatically, as shown in Table 
35. 


Table 35. Effects of Accessories on the NTHV 


System 

Description 

1 

Annual Fuel 
Consumption 

(*) 

Fuel 
Economy 
( km/ 1) 

Electric 

Range 

(km) 

Baseline NHTV, 
no accessories 

540 

34.4 

34 

Baseline NTHV, 
accessories, no 
air conditioning 

752 

t 

1 

24.7 

24 

Baseline NTHV, 
accessories and 
air conditioning 

| 940 

1 

19.8 

19 


The results in Table 35 were obtained by taking the baseline NTHV 
through Mission A. The total power (road plus accessory power) 
comes from both the heat engine and the electric motor, according 
to an assigned control strategy. This strategy is to first use 
the electric motor topped by the heat engine until the batteries 
reach their allowable depth of discharge and, thereafter, to use 
the heat engine topped by the electric motor. The addition of 
accessory power significantly decreases the hybrid vehicle fuel 
economy and electric range. 

Another strategy is to take the accessory power only from the heat 
engine and the road power from both power plants. Unfortunately, 
this strategy further reduces the fuel economy for the baseline 
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1 Figure 31. Accessory Power Requirements in an 

Intermediate Class ICE Vehicle 
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NTHV, to 16.0 ton/2. An example of the typical petroleum consump- 
tion behavior under this strategy is given in Figure 32. This 
figure shews that for daily travel distances less than 37 km in 
FHDC , the accessory power should come from both power sources, 
and, for daily travel distances greater than 37 km in FHDC, the 
accessory power should come only from the heat engine. For a 50 
km daily travel distance in FHDC, this strategy betters the petro- 
leum savings by 8.3 percent. 

Several NTHV system packages were studied in order to find the 
battery, heat engine and electric motor combination that will pro- 
vide all the road load and the auxiliary requirements (including 
the air conditioner) , while bettering the required fuel economy 
and keeping the life cycle cost as low as possible. With a 48.5 
kW heat engine, 29 kW electric motor and 84V battery, the baseline 
NTHV yielded 21.9 km/2 (51.7 mpg) with the accessories and the air 
conditioner on. It reached 26.5 km/2 (62.6 mpg) with the acces- 
sories on, but without the air conditioner. The accessories were 
driven by a constant, low speed drive and the power to the drive 
was provided by both power sources. 
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ACCESSORIES WITH AIR CONDITIONING 25% 
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SECTION 10 


TEMPERATURE CONTROL AND COLD STARTS 


10.1 HEATING AND COOLING REQUIREMENTS 

In cold climates the heating and defrosting requirements for both 
passenger comfort and battery temperature control can be as high 
as 3421 kcal/hr. When the heat engine is the primary drive compo- 
nent, the heat required can be drawn from the engine cooling water 
by a heat exchanger. For the engine sizes under consideration in 
this study, the heat release to cooling water would be sufficient 
at about 1000 rpm. But, when the electric motor is the primary 
drive component, to use the heat engine for heating, defrosting 
and battery temperature control would require three times as much 
petroleum as a separate petroleum-burning heater. A separate heater 
would have a unit manufacturing cost of approximately $300 (1978$) 
for 100,000 units per year. This cost would be returned in full 
during the ten year lifetime of the hybrid and, at the same time, 
save 1S80 liters of petroleum. 

The cooling requirements for passenger comfort may be as high as 
1666 kcal/hr. The requirements for the batteries are much lower. 

The hejit gained from the electrochemical reaction in the batteries 
is approximately 3.385 I Watts 10 for the 84V battery package. 

While using the electric motor as the primary drive component, the 
battery package temperature can rise S°C above ambient in one hour, 
if no ventilation is provided. This order of temperature rise 
should not cause any problem in battery performance. The tempera- 
ture of the battery package will be controlled by the microproces- 
sor and the cooling power will -come from both power sources, as 
discussed in Section 9. 


10.2 COLD STARTS 

Cold start in hybrid vehicles causes a high loss of stored elec- 
tricity. A battery pack starting at 0°C ambient temperature with- 
out warmup could spend half its battery capacity 10 ' 28 (Figure 33). 
This would decrease the electric range of the baseline NTHV from 
36 to 15 km. Further, an unprotected lead-acid battery would not 
operate a vehicle after a week of cold soak at -29°C 10 . Therefore, 
the hybrid vehicle should have a self-contained warm-up system. 

This system should be strong enough that the vehicle could reach 
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Figure 33. Effect of Temperature on 
Battery Capacity in a 6- 
volt Lead-acid Battery 
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full performance levels in a maximum of ten minutes in ambient 
temperatures greater than -20°C. Also, the vehicle must be oper- 
able within one minute in the ambient temperature range from -20 
to +40°C . 

There are four alternatives for heating the battery package before 
usage . 

1. Warm the heat engine and also the battery package (self- 
contained warm-up) 

2. Warm the battery package with its own stored energy (self- 
contained warm-up) 

3. Warm the battery package with a separate petroleum-burning 
heater (self-contained warm-up) 

4. Warm the battery package and the heat engine with wall plug 
electricity energy during charging (external warm-up) . 

In our comparison of these methods the battery package was assumed 
to be a rectangular box insulated with a fiberglass-polyurethane- 
fiberglass sandwich structure which has an effective thermal con- 
ductivity of 0.043 kcal/hr-m-°C. 

The first method would meet all the minimum cold start requirements 
at the expense of high fuel consumption and high thermal stresses 
(that would deteriorate the heat engine life) . 

The warm-up of the battery package with, its own stored energy 
would require 80.51 watts 10 for an 84V battery package. A ten 
minute warm-up period would require 242 amps discharge current 
and reduce the electric range of an 84V battery pack NTHV from 49 
to 31 km. 

The warm-up of the battery package with a separate petroleum-burn- 
ing heater would take about twenty minutes and would consume half 
the fuel used in the first method. 

The warm-up of the battery package with the heat engine with wall 
plug electricity would be the best solution for both time and 
petroleum consumption. If this external warm-up power is not 
available, and self-contained warm-up has to be utilized, the 
battery package and the heat engine would be warmed by the petro- 
leum-burning heater, up to the maximum allowable time limit. Then 


86 - 


M 


I 

4 

J the initial operational strategy would be to use the heat engine 

J as the primary drive component/ since the average ratio of cold- 

start highway fuel economy to standard highway fuel economy is only 
0.914 1 . After the battery package reaches 27°C, the electric 
motor would be used as the primary drive component. 
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SECTION 11 

OPERATIONAL STRATEGIES 


11.1 INTRODUCTION 

A driver requests power of a vehicle by depressing the accelerator 
pedal and activating such accessories as the radio and air- 
conditioner. The hybrid can respond through its electric motor, 
heat engine, or both. This section discusses some results of our 
research into strategies to control the hybrid's response. The 
ultimate objective is, of course, to develop a strategy which 
minimizes the hybrid's petroleum consumption nationwide. 

The Mission Analysis and most of the Trade-Off Studies assume a 
simple "initial" strategy in which the electric motor is operated 
up to its performance limits from the start of each day telectric 
motor primary drive) . The heat engine is used only for topping 
(providing the difference between a peak power demand and the 
motor's maximum capability) until the state of discharge reaches 
80 percent, at which time the engine becomes the principal 
supplier of power (engine primary drive) . In this section we 
examine ways upon which the initial strategy can be improved. 

Our research indicates the following conclusions. 

e Electric motor primary drive is suited better to urban 
than to highway driving. Thus, if a hybrid's daily 
activities include relatively long segments of both high- 
way and city driving, less petroleum would be expended 
under a strategy which uses the motor as the primary 
power source during the urban segment. Choosing the 
correct driving environment for the electric mode can 
improve fuel economy by over 2Q percent. 

• When a hybrid is driven in the city beyond a certain 
distance (approximately 37 km for the hybrids examined 
here) there is some merit in restricting the motor's 
power output to levels below its actual capability. 
Conditions exist under which such a limiting strategy 
can cut petroleum consumption by 19 percent. 

• Restricting the motor's power output is never appro- 
priate in highway driving. 
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• Use of the air-conditioner indicates two possible 
actions : 

1. Switch from the electric to the heat engine 
primary drive, if the hybrid will later be 
operated with the air-conditioner off. Such 
subsequent travel would have to be of sufficient 
length to discharge the remaining battery. 

2. Run the air-conditioner off the motor, using the 
diesel for topping. 

The accessories should never be run by the diesel while 
the motor is the principal source of power for pro- 
pulsion. 

• The "initial" strategy is a good performer, primarily 
because 

1. It consumes the minimum amount of fuel on days 
that the initial strategy's electric range is 
not exceeded 

2. In Mission A most vehicles do not exceed this 
electric range. 

Thus, while some additional petroleum savings may accrue 
by switching from the initial to a more sophisticated 
strategy, we estimate that this benefit would not exceed 
5 percent. 

We have concentrated our effort on two hybrid packages which the 
Trade-off Studies indicate are strong candidates: A). 29 kW motor 

46.2 kW diesel and 84 Volt battery; and B-) 24 kW motor, 48.5 kW 
diesel and 72 Volt battery. For brevity, these packages will be 
referred to as Hybrids A and B, respectively. 

Great care must be used in extrapolating results to other hybrids 
The actual benefits of a control strategy depend largely on the 
specific hybrid configuration. We anticipate, however, that our 
final design will not deviate grossly from those examined here. 
Thus, our conclusions should provide a good idea of the eventual 
results. 


Three kinds of strategies will be discussed: initial, omniscient, 

and on-board. The omniscient strategy is based on a priori 
knowledge of the hybrid's daily activities and thus avoids mistakes 
which the initial strategy would make. Such, a strategy's responses 
represent our best current approach to reducing fuel consumption. 

The actual algorithm carried by the hybrid's microprocessor is the 
on-board strategy, the design of which is the final objective of 
this research. 

We will first examine several ways in which, prior knowledge can 
lead to reducing petroleum consumption. Extreme cases are pre- 
sented in which the omniscient strategy substantially outperforms 
the initial. The factors underlying such extreme cases are then 
described in Sections 11.3 and 11.4, which outline the effects of 
limiting motor power and of running accessories. Section 11.5 
discusses the relative merits of using the motor in a variety of 
ways. Finally, Section 11.6 contains an estimate of the maximum 
potential petroleum savings resulting from switching from the 
initial to a more sophisticated control strategy on Mission A. 

11.2 SOME EXTREME SCENARIOS 

Circumstances exist in which an omniscient strategy land thus, 
perhaps, a sophisticated on-board strategy) would substantially 
reduce daily petroleum consumption. As a simple example, the driv- 
ing cycle 3 of Figure 34 consists of a 50 km leg at 88 km/hr and 
a 133 km leg at 22 km/hr. For Eybrid B the initial strategy would 
discharge the battery completely over the 88 km/hr first leg, 
necessitating a 10.7 liter petroleum outlay to complete the cycle. 
The omniscient strategy would operate the heat engine over the 
88 km/hr leg and the motor over the 22 km/hr second leg, thus 
draining the battery and consuming a total of just 2.3 liters of 
petroleum. The reduction in fuel consumption would be a substantial 
79 percent. 

This unlikely example has a more reasonable analog. Suppose that 
40.8 km of the FHDC were followed by 39.8 km of the FUDC. For 
Hybrid A the initial strategy would discharge the battery 80 per- 
cent over the highway travel and burn a total of 2.78 liters of 
fuel during the outlined course. Once again, the omniscient 
strategy would use the diesel for the high-speed leg and the 
motor for the urban portion. The result would be a final battery 
discharge of 80 percent and a total petioleum consumption of just 
2.17 liters. The decrease in petroleum consumption would be 0.61 
liter, or 22 percent. 
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Figure 34. A Simple Driving Cycle 



A third example: a 40.8 km highway leg is followed by 53 km of 

urban driving. The initial strategy would consume a total f 
3.69 liters of petroleum. Over such a course, the omniscient 
strategy would not only wait for the urban leg before using the 
motor as the primary power source, it would also limit the 29 kW 
motor to a maximum power output of just 15 kW. A power demand 
above 15 kW would be met by using the engine for topping. Such a 
strategy would result in just 2.9 liters of petroleum being con- 
sumed, a result which betters that of the initial strategy by 
0.79 liter, or 21 percent. 

A total of 3.07 liters would have been consumed if the motor had 
been allowed to produce up to 29 kW during the FUDC portion of 
this driving course. The petroleum savings resulting from limiting 

i the motor's output to 15 rather than 29 kilowatts therefore is 

0.17 liter or 5.6 percent. Had the course consisted only of the 
second leg - 53 km of the urban cycle — the strategy of a 15 kW 
limit would have paid a higher percentage dividend. Total petroleum 
consumption using a 29 kW strategy over the shortened course would 
have been 0.91 liter, so that a reduction of 0.17 liter would have 

1 meant nearly 19 percent less fuel consumption. 

| 11.3 STRATEGIES WHICH LIMIT THE MOTOR'S POWER OUTPUT 

| 

The motor draws battery charge at a rate determined by its power 
requirement and the state of discharge. The rate of draw, in turn, 
has a substantial effect on the total available battery energy, 
as has been indicated above by Figure 13. The slower the rate of 
discharge, the greater is the total available battery energy. 


We examine here the effect on fuel consumption of restricting the 
motor's power output to levels less than its maximum capability.. 

The rationale is this: the hybrid requires a certain total energy. 


E t , to travel a distance d. Part of E is supplied by the batteries 
through the motor (E ) , and part by petroleum through the heat 
(E ) . That is, 


engine 


E * £ + E 

T B P 


At distances beyond the initial strategy's electric range, an 


increase in E 0 should decrease E p , thus reducing petroleum consump- 
tion. In theory, limiting maximum motor power should increase E 


B 


Figure 35 shows the effect, over the FUDC, of limiting Hybrid B’s 
motor to maximum power levels ranging from 15 to 29 kilowatts. 
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The diesel here is used for topping. As expected, strategies which 
limit motor power save more fuel at the longer distances. An 
unexpected result is that this trend does not continue below 
15 kilowatts. Thus, tho best strategy for Hybrid A traveling any 
distance beyond 50 km is to limit the motor to 15 kW. The dif- 
ference in fuel consumption between the initial and 15 kW strate- 
gies is 0.17 liter, which is 19 percent of the total consumption 
at 53 kW. 

Surprisingly, strategies which limit the motor's power do not 
improve fuel economy on long trips for Hybrid A operating over 
the FHDC . Instead, our computer simulations indicate that the 
initial strategy consumes a minimum of petroleum regardless of 
the distance traveled. 

11.4 RUNNING ACCESSORIES 

We have examined, in Section 9, the effect on fuel consumption of 
running accessories. Of particular interest is whether the air- 
conditioner and other accessories would overburden the motor, which 
might indicate running the accessories off the engine at all times. 


Our results indicate the following. 

• Not surprisingly, use of accessories substantially 
increases battery and petroleum consumption rates. 

When the diesel is the primary power source, a 3.75 kW 
5 hp) accessory demand increases the fuel consumption 
rate from 0.069 to 0.1 l/km over the urban cycle. Under 
identical conditions in the electric mode, the rate of 
battery consumption jumps from 0.020 to 0.034 As/km or 
68 percent. 

e The diesel should not be used to power accessories when 
the propulsion strategy is electric primary drive. 

Instead, the air-conditioner and other accessories 
should be powered by the motor, which can b^ topped 
by the diesel as necessary. Circumstances exist, 
however, in which a complete switch from the electric 
to the diesel modes may be appropriate. 

Figure 36* shows expected petroleum consumptions as a function of 
distance for the Hybrid B using two strategies over the highway 
cycle . 

*This and subsequent figures are based on our recently completed 
computer program OPSTRAT, a description of which may be found in 
Appendix A. 
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The left line represents the effect of using the diesel at all 
times, both to power accessories and to top the motor. The right 
line represents the effect of using the motor to power accessories 
(and the engine only for topping) . Clearly, the latter strategy 
consumes less petroleum at any distance. A similar result holds 
for the urban cycle, as is demonstrated in Figure 37. 

A related issue is whether there is any merit in using a diesel 
topped by electric strategy in which the diesel r s maximum power 
is limited to a level below its capabilities - say, between 5 and 
15 kW. Figure 38 indicates that such strategies could reduce 
petroleum consumption, but only if the hybrid travels beyond a 
rather long distance. Even there, the potential petroleum con- 
servation is not substantial. 

11.5 PETROLEUM WORTH 

We introduce here the concept of the battery r s "petroleum worth" — 
the fuel savings resulting from discharging the battery 80 percent. 
This concept will be helpful in situations in which the hybrid ' s 
daily activities are sufficiently long and varied that the battery 
could be discharged in several different ways. 

Some petroleum is saved any time the motor is used. The amount 
saved depends on the specific driving environment and control 
strategy. For example, the amount of petroleum saved by operating 
Hybrid A in the electric mode over the highway cycle with its air- 
conditioner on is 1.96 liters. In contrast, the same battery is 
"worth" 2.66 liters if it is discharged over the FUDC with the 
air-conditioner off. 

The battery's petroleum worth is a function of three variables: 
the rate of petroleum consumption while the motor is operating, 
the rate of petroleum consumption which, would occur if the motor 
were not operating, and the rate of battery consumption. Let 
these variables be denoted Z/km M , J,/km (Mo M) • an< ^ AS/km, respec- 
tively. Then 

0.8 x / t/ka m o Ml - t/ta M 
\ IS/km 

is the amount of petroleum saved by discharging the battery 
80 percent. 
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EXPECTED PETROLEUM CONSUMPTION (i) 



Figure 37. Comparison of Expected Petroleum Consumptions 
for Two Strategies to Run Accessories : FUDC 
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The relative merits of various strategies can now be examined more 
closely. Associated with every control strategy and type of driving 
are specific values for rates of consumption before and after dis- 
charge. For example,, Z/km^oM) »■ Vka M and As/km are 0.0689, 0.00209, 
and Q.0201, respectively, for Hybrid A operating over the FUDC 
under the initial strategy. The battery's petroleum worth under 
such conditions is 

„ „ . / 0.0689 - 0.00209 \ 

0.8 x( — — — * 2.66 liters. 

\ 0.0201 / 

We have performed similar calculations for a variety of strategies 
and driving conditions. The results are presented in Figure 39. 

Figure 39 makes clear that the amount of petroleum saved by using 
the motor rather than the engine depends on the task to be perfor- 
med. The highest recorded petroleum worth is 2.83 liters, which 
occurs when the motor is restricted to a maximum power of 15 kW 
while operating over the FUDC with no air-conditioning. Tue 
lowest recorded value, 1.96 liters, occurs over the FHDC with the 
air-conditioner on. The difference in these petroleum worths is a 
substantial 31 percent. 

11.6 POTENTIAL NATIONWIDE SAVINGS OF A SOPHISTICATED . 

ON-BOARD STRATEGY: OMNISCIENT AND INITIAL STRATEGIES 

AVERAGED OVER MISSION A 

The expected petroleum consumptions over Mission A for the initial 
and omniscient strategies are computed In Table 36. Mission A 
is characterized by a distance distribution, in which each dis- 
tance is divided into proportions of highway and city driving. 

(The SAE segments used elsewhere are assumed here to be FUDC 
segments.) Expected petroleum consumptions at specific distances 
are averaged over the distribution to form composite mean fuel 
consumptions for both strategies. 

There are, of course, any number of ways in which small segments 
of highway and urban driving could be combined to yield the de- 
signated proportions. For simplicity, we assume that, at a given 
distance, either a single highway segment follows a single urban 
segment, or a single urban segment follows a single highway seg- 
ment. Each possibility occurs 50 percent of the time. 
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Figure 39. Battery Petroleum Worth as a Function of 
Strategy and Driving Cycle 



Table 36. Initial and Omniscient Strategies Averaged 



Over 

Mission A 



Oaily 

Travel 

(km) 

Prob. 

Highway 

Travel 

(km) 

Urban 

Travel 

(km) 

Average 

Liters Consumed: 
Omniscient Initial* 
Strategy Strategy 

9 

.25 

0 

9 

.019 

.019 

22 

.25 

0 

22 

.046 

.046 

45 

.25 

7 

38 

.296 

.359 

71 

.1 

31 

40 

1.67 

1.76 

96 

.05 

59 

37 

2.95 

3.23 

141 

.05 

115 

26 

5.34 

5.48 

231 

.04 

231 

0 

9.77 

9.77 

372 

.01 

372 

0 

17.0 

17.0 

Omniscient Strategy: 

.308 

Reduction = 

.014 liter 


Initial Strategy : .322 = 4.34% 


♦Assumption here is that the highway portion follows 
the urban portion 50% of the time, and the urban 
portion follows the highway portion 50% of the time. 
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The order of segments has no effect on the omniscient strategy, 
which withholds use of the motor until conditions are most advan- 
tageous. The less discriminating initial strategy, however, consumes 
substantially more fuel if the highway segment precedes the urban. 

The petroleum consumption listed under the initial strategy at each 
distance is the average of the fuel consumed when the urban precedes 
the highway segment and that consumed when highway precedes urban. 

The effect of air-conditioning is not included in the calculation, 
primarily because we do not envision many circumstances under which 
the air-conditioning would dictate withholding motor use. Such a 
move could only be based on a very high probability of a later, 
more advantageous period for battery discharge, which would be 
difficult for the onboard strategy (.described in Subsection 11.1) 
to predict. 

We estimate, then, that the omniscient strategy consumes an average 
of approximately 5 percent less petroleum over Mission A than does 
the initial strategy. This estimate is reasonably accurate. We 
may eventually use a more detailed distributional approach to ob- 
tain a statistical estimate of the benefit. 

We are currently constructing an on-board strategy which will con- 
serve as much petroleum as possible. The task, here is to use 
historical and driver supplied information to produce an on-board 
strategy which resembles as closely as possible our final version 
of the omniscient strategy. 



SECTION 12 

NTHV MICROPROCESSOR SYSTEM 
12.1 SYSTEM OVERVIEW 

In order to obtain the optimal petroleum economy for the hybrid 
vehicle, the vehicle's operation must be carefully controlled at 
all times. The motor and engine have to be monitored and regulated 
to their optimal speeds, and the transmission must match these 
speeds and the power to the drive wheels. This must be done con- 
stantly, and adjustments made as necessary, any time the vehicle 
is in use. 

In order to optimally control the vehicle in this manner, a digital 
microprocessor system will be installed in the vehicle. A control 
strategy will be developed for each subsection of the entire 
vehicle, and the microprocessor system will be responsible for 
the implementation of this group of strategies. In addition, the 
system will perform other tasks, such as built-in testing, to 
enhance public acceptance of the vehicle. 

The microprocessor control system is composed of the functional 
units shown in Table 37. These units work together and share 
information. Each, unit corresponds to one independent computer 
program or major subroutine. Each, communicates with the others 
that need its output or produce inputs. In this manner, each unit 
runs at its own speed, asynchronously with other units, and 
communicates with them as necessary. The inputs to each function 
are data either from a sensor (.Table 38) in the vehicle, or from 
another function. Likewise, outputs are either to actuators 
(Table 39) in the vehicle or to other units. Locations will be 
reserved in memory for these transfers. To send data to another 
function, a function will write it in a predefined location. 

Without requiring synchronization. 

The functional units listed in Table 37 are described in more 
detail in the next section. The implementation of the computer 
system is described in Section 12.3. 

Listed with each function in Section 12.2 are the inputs and out- 
puts, along with their sources or destinations and the sampling 
rate for inputs. We have given rough estimates for the memory 
required for each function (.Table 40) and for the frequency with 
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Table 37. Functional Divisions 


Powerplant 

Internal combustion engine 
Electric motor and battery 
Transmission 
Display 

Braking (subfunction to Powerplant) 

Climate control 

Radio control 

Restraint control 

Built-in test 

Shifting (subfunction to powerplant) 
Battery charging 


Table 33. Sensors (Inputs) 


Acceleration pedal 
Brake pedal 
Gear selection 
I.C. Engine speed 
I.C. oil temperature 
I.C. water temperature 
I.C. oil pressure 
I.C. oil level 
I.C. fuel level 

Throttle or diesel fuel control 

Motor speed 

Motor temperature 

Armature current 

Field current 

Battery charge 

Battery temperature 

Battery fluid level 

Transmission gear 

Engine clutch 

Motor clutch 

Converter lock-up 

Transmission output start speed 

Transmission oil level 

Transmission oil temperature 

Input light levels 

External light levels 

Right front brake pressure 

Right front wheel speed 

Left front brake pressure 

Left front wheel speed 

Right rear brake pressure 

Right rear wheel speed 

Left rear brake pressure 

Left rear wheel speed 

Outside air temperature No. 1 

Outside air temperature Mo. 2 

Interior air temperature No. 1 

Interior air temperature No. 2 

Radio frequency 

Radio output 

Bumper impact 

Firewall impact 

Seat occupied sensor 
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Table 39. Actuators (Output) 


Throttle or diesel fuel control 
I.C. engine start switch 
Glow plugs (diesel) 

Spark plugs (gas) 

Fuel Injections (gas) 

Motor field current 
Motor start switch 
Engine clutch 
Motor clutch 
Converter lock-up 
Transmission gear selector 
Digital displays 
Display intensity 
Light switches 
Right front brake pressure 
Left front brake pressure 
Right rear brake pressure 
Left rear brake pressure 
Heater 

Air conditioner 
Battery heater 
Defroster 
Radio Tuning 
Radio Gain 

Driver air bag activator 
Passenger air bag actuator 
Battery charger 
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able 40. Summary of Memory Space 


Function 

Size (Bytes) 

Powerplant 

2048 

I.C. Engine 

2024 

Motor 

1024 

Transmission 

1024 

Display 

512 

Braking 

1024 

Climate Control 

256 

Radio Control 

256 

Restraint Control 

256 

Built-in Test 

0496 

Shifting 

1024 

Battery Charger 

256 

Total Memory 

12,800 


which each function must be executed. It must be emphasised, 
however, that these estimates are preliminary. Estimates of 
computer speed and memory depend not only on the algorithms chosen, 
but also on their implementation. Accuracy requirements, types of 
sensors and actuators, and the microprocessor instruction set also 
influence memory and execution tiro. 

Figures 40 through 43 constitute a functional block diagram of 
the NTHV microprocessor system. Figure 40 illustrates the inter- 
connections of the powerplant and drive functions. Figure 41 shows 
the display, radio control, and climate control, Figure 42 the 
restraint and charging function, and Figure 43 the built-in test 
f unction . 

12.2 BRAKING FUNCTION 

Rather than detailing the structure of each function unit, we have 
chosen one particular unit as an illustration. The braking 
function is sufficiently complex to show the parameters which have 
to be taken into account in devising a microprocessor system. 

The purpose of the microprocessor's braking unit is to integrate 
the hydraulic, regenerative and engine braking sc that the vehicle 

may be smoothly slowed or stopped. As the driver releases the 

accelerator and steps on the brake, the microprocessor must con- 
trol the motor and/or engine speed and switch the motor to regen- 
erative braking. Since regenerative braking applies only to the 
drive wheels, the microprocessor must also regulate the hydraulic 
pressure on the front and rear wheels independently. The same 
braking unit will also be integral to anti-skid braking, since it 
already controls the necessary sensors and actuators. 

The routine must look at the status of the motor, battery, engine 

and transmission, as well as the hydraulic pressure to the brakes. 

It is called by the powerplant function and returns the amount of 
regenerative braking needed. The powerplant function then calls 
the shifting function to determine which gear is to be used. 
Finally, the proper commands are sent to the motor, enqine and 
transmission functions. Any problems are noted and reported to 
the built-in test routines for appropriate action. 

The status of the pressure on the brake pedal, the hydraulic 
pressure, in the brakelines and the ground speed has to be checked 
every 0.1 second. The motor, battery, engine, and transmission 
status will only require monitoring every 10 seconds. We estimate 
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that 1024 bytes of memory will be required for this routine. Its 
inputs and outputs are listed in Table 41. 

12 . 3 SYSTEM IMPLEMENTATION 

There are two overall methods by which the microprocessor system 
can be implemented. The centralized approach would have one 
microprocessor perform all functions. This would make communication 
between functions simple data sharing, but would require a fast 
microprocessor with a large address space. The distributed 
approach, on the other hand, would split the functions into two 
or more microprocessors. Each processor would require a small 
amount of memory and would not be as fast as a single central unit. 
If one microprocessor failed, the distributed approach would allow 
another to assume the fuv ccions of the failed unit, at a lowered 
capability. A centralized microprocessor would not have this 
capability. 

The distributed approach allows the use of slower off-the-shelf 
units. The price of a set of these units sufficient to perform all 
of the tasks required would be much lower than that of a single, 
custom microprocessor. 

As currently envisioned, the production system for the NTHV consists 
of three microprocessors, their supporting circuits , double space 
16,384 bytes of memory, power supplies, sensors, actuators and 
interface circuits. The system has 44 sensors and .5 actuators. 

We estimate the production quantity (100,000 units per year) cost 
of the total system to be around $426, This estimate, of course, 
will be updated as the control algorithms and types of sensors 
and actuators are finalized. 

The development of the microprocessor will involve the trial of 
many different algorithms, sensors and actuators. This requires 
a system that can be changed quickly. It is much harder to rapidly 
change a distributed system, so for the development phase we will 
use a single fast processor with floppy disks, CRT terminal and a 
printer. One or more compatible smaller processors will be used 
to test the distributed approach. These processors will be 
loaded and controlled by the operator through the central computer. 
The main processor will bring in programs, compile and link those 
programs, and download them onto the satellite processors. Then, 
as the satellite processors run the vehicle, the central processor 
can monitor the test and display the results. This will allow the 
operator almost instant answers to any test he wishes to make on 
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Table 41. Inputs and Outputs of the Braking Function 





Sampling 

Inputs 

Source 

Units 

Rate 

Motor speed ^ 


rpm 

60 sec 

Motor temperature , 


°c 

IQ sec 

Engine speed 


rpm 

10 sec 

Engine oil temperature 1 

f Passed 

°C 

10 sec 

Engine water temperature * 

i From 

°C 

10 sec 

Engine oil pressure / 

f Powerplant 

N/cm 2 

10 sec 

Transmission current gear 1 

Function 

Gear no. 

10 sec 

Transmission oil temperature j 


°C 

10 sec 

Brake pedal position 


Degrees 

0.1 sec 

Vehicle ground speed j 


km/ hr 

0.1 sec 

Right front brake pressure 

pressure sensor 

N/cnr 

0.1 sec 

Righr front wheel speed 

speed sensor 

rpm ^ 

0.1 sec 

Left front brake pressure 

Pressure sensor 

N/cm 2 

0.1 sec 

Left front wheel speed 

Speed sensor 

rpm 

0.1 sec 

Right rear brake pressure 

Pressure sensor 

N/OTT 

0.1 sec 

Right rear wheel speed 

speed sensor 

rpm 

N/cm 2 

0.1 sec 

Left rear brake pressure 

Pressure sensor 

0.1 sec 

Left rear wheel speed 

Speed sensor 

rpm 

0.1 sec 


Outputs 

Destination 

Units 

Right front brake pressure. 

Pressure Regulator 

N/cm 2 

Left front brake pressure 

Pressure regulator 

N/cm 2 

Right rear brake pressure 

Pressure regulator 

N/cnr 

Left rear brake pressure 

Pressure regulator 

N/cm^ 

Desired regenerative braking 

Powerplant function 

Amps 

Braking status 

Built-in test 

Go/no go 
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the development vehicle. The results can be logged onto the 
floppy disk for comparison to other configurations of the vehicles 
or to other algorithms. 
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SECTION 13 

EFFECT OF VEHICLE WEIGHT 


The effect of vehicle weight on the performance characteristics 
of an NTHV was investigated by using a particular heat engine/ 
electric motor/battery package system. This system consisted of 
a 24 kW electric motor, a 44 kW heat engine and a lead-acid bat- 
tery package with a 12.6 kW-hr capacity. The weight variations 
under consideration are given in Table 42. 


Table 42. The NTHV Inertia Weight Variations 

NTHV Inertia Weight Fower to Weight Ratio 
[kg (lb) 1 [kW/kg (hp/lb) 1 


1364 

(3000) 

0.0499 

(0.0304) 

1531 

(3500) 

0.0327 

(0.0261) 

1800 

(3960) 

0.0378 

(0.0231) 

2045 

(4500) 

0.0333 

(0.0203) 

2273 

(5000) 

0.0299 

(0.0182) 


Table 43 shows the effects of these weights on the system package 
when it is taken through Mission A. The effect of weight on an- 
nual petroleum consumption is much more significant than the ef- 
fect on annual electricity consumption. The linear increase of 
annual fuel consumption with inertia weight is illustrated in 


Table 43. Effect of Vehicle Inertia Weight on Hybrid Performance 
Parameters 


Hybri d 
Inertia 
Weight 
kg (lb) 

Annual 

Petroleum 

Consumption 

(O 

Petroleum 
Economy 
( km/ l ) 

Annual 

Electricity 

Consumption 

(kW-hr) 

Electricity 
Economy 
( km/ kW-hr) 

Electric 

Range 

(km) 

1364 (3000) 

363 

51.21 

3035 

6.13 

44.3 

1591 (3500) 

450 

41.34 

3144 

5.91 

39.1 

1800 (3960) 

540 

34.42 

3225 

5.77 

35.9 

2045 (4500) 

640 

29,07 

3339 

5.57 

32.2 

2273 (5000) 

738 

25.19 

3383 

5.50 

32.2 
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Figure 44. Effect of Vehicle Inertia Weight 




Figure 44. Figure 44 shows that 0.4137 liters of petroleum can be 
saved in a year for every kilogram of weight reduction in the hy- 
brid vehicle. 

The effects on acceleration capability are illustrated in Figure 
45. The baseline NTHV does better than the minimum JPL accelera- 
tion requirements. 
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SECTION 14 


THE EFFECTS OF AIR DRAG RESISTANCE 


The effects of air drag resistance on petroleum consumption and on 
electric range for the baseline NTHV are shown in Table 44. 


Table 44. Effects of Air Drag Resistance cn the Main 
Parameters of the Baseline NTHV 


Drag 

Annual 


Life 

Factor 

Petroleum 

Electric 

Cycle 

C n x Area 

Consumption 

Range 

Costs 

D w) 

it) 

_ .(fen). 

(1978S) 

0.76* 

540 

36.0 

24,495 

0.84 

571 

34.9 

24,574 

0.92 

602 

34.2 

24.753 


^Projected drag factor of the baseline NTHV. 


A 10 percent increase in the drag coefficient has a 6 percent pen- 
alty in annual petroleum consumption and a 3 percent penalty in 
electric range of the baseline NTHV. The GM X body has a drag 

coefficient of 0.417. Further efforts on restyling the X body 

would not be productive, but aerodynamic drag should be improved 
in the design studies by minor modifications, such as a rounded 
nose, rounded rear corners, etc. 

EFFECTS OF ROLLING RESISTANCE 

The effects of rolling resistance on the baseline NTHV were also 
investigated. The results are given in Table 45. 

A 14 percent increase in the rolling resistance has a 9 percent 
penalty in annual fuel consumption and a 6 percent penalty in 
electric range of the baseline NTHV. The tire companies are ac- 
tively working on tire des.gns to achieve minimum rolling resis- 

tance and extended tread life. With tire company cooperation, it 
will be possible to equip the NTHV with developmental, non- 
production, next generation tires and gain the benefits of the 
latest state of the art. 


Table 45 


Effects of Rolling Resistance on the Main 
Parameters of the Baseline NTHV 


Rolling 

Annual 


Life 

Resistance 

Petroleum 

Electric 

Cycle 

Coefficient 

Consumption 

Range 

Costs 

■nnsni 

U) 

(km) 

(1978$ 

0.0271* 

540 

36.0 

24,495 

0.0308 

589 

33.9 

24,631 


^Projected coefficient for the baseline NTHV 
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SECTION 15 


ACCELERATION, GRADE AS I L I T Y AND ELECTRIC 
RANGE OF HYBRID VEHICLES 


The acceleration and gradeability of the hybrid vehicles were 
studied in three different inodes: heat engine alone, electric 

motor alone, and hybrid. 

PERFORMANCE OF THE HEAT ENGINE ALONE 

The acceleration curve of the baseline NTHV with diesel drive alone 
(Figure 46) is typical of most internal combustion engine vehicles 
which do not have torque converters. The acceleration of the 
vehicle rises to a maximum near the torque peak of the engine and 
drops off toward the maximum rpm. In this particular diesel the 
torque peak occurs at 3000 rpm, and the maximum power of the engine 
occurs at 5000 rpm, the maximum engine speed. 

The acceleration of the baseline NTHV on diesel power alone is 
moderate, having a 0-80 km/hr acceleration time of over 16 seconds, 
slower than almost all passenger cars on U.S. highways. This is 
a result of a low power to weight ratio, together with a low N/V 
(ratio of engine speed to vehicle speed) . This combination yields 
extremely good fuel economy, but marginal acceleration for over- 
all vehicle use. However, the hybrid's capability of adding the 
output of the electric motor to that of the diesel allows it much 
better performance than it has with the diesel alone. 

PERFORMANCE OF THE ELECTRIC MOTOR ALONE 

The acceleration curve of the baseline NTHV with electric drive 
alone (Figure 47) has a totally different appearance from the 
acceleration curve with the diesel alone (Figure 46) . With the 
exception of the starting acceleration at half voltage (.the far 
left curve) , the acceleration curves for all five gears are very 
much alike. In fact, it is extremely difficult to find differ- 
ences between the accelerations in third, fourth and fifth gears 
at speeds above 70 km/hr. This is entirely due to the output 
characteristics of the electric shunt motor running above its 
base speed. A shunt motor is basically a constant power output 
device, so its torque curve is essentially hyperbolic. Since the 
power output is almost the same in each gear, the differences in 
acceleration between different gear ratios at a given vehicle 
speed are primarily the differences in driveline efficiency and 
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Figure 46. Acceleration Curves (Diesel Drive) 
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inertia losses {greater in the lower gears) . The inertia losses 
are those portions of the power plant output that are used to pro- 
vide the angular accelerations of the motor or engine, flywheel, 
clutch, transmission, final drive, and the wheels and tires. Of 
course, the power used to accelerate these components is not avail- 
able to accelerate the vehicle. Usually the engine/transmission 
portion of the inertia losses are the greatest - particularly in 
the lower gears, since these losses vary as the square of the over- 
all gear ratio of the transmission and final drive. For this 
particular vehicle the inertia losses result in a 2.5 percent 
acceleration loss in fifth gear and a 20 percent acceleration loss 
in first gear. 

Except for low speeds, the NTHV's acceleration in electric drive 
alone is poor. It is better than the diesel up to approximately 
20 km/hr, but drops off rapidly above that speed. It has a 
0-80 km/hr time of almost 30 seconds and a 0-50 km/hr time of 
almost 12 seconds. This is sufficient acceleration for city 
driving, but is clearly inadequate for the highway. 

HEAT ENGINE AND ELECTRIC MOTOR HY3RID PERFORMANCE 

The acceleration curve of the electric/diesel combination (Figure 48) 
is essentially the sum of the other two acceleration curves. Since 
the sum of the electric and diesel torque curves is almost a 
straight line. The far left portion of the acceleration curve is 
the starting torque of the electric motor at reduced voltage added 
to the torque of the diesel engine. 

The acceleration with the combined electric/diesel driveline is 

much better than that with either of the power plants separately. 

The 0-80 km/hr acceleration time is reduced to slightly more than 

10 seconds. The acceleration of this vehicle with the combined 

electric/diesel drive is in keeping with a large percentage of the 

vehicles on the road today, and exceeds the acceleration minimums 

i 

specified for this program 1 -*'. 

Figure 48 is a plot of speed versus time and distance versus time 
for the three driveline combinations. These times and distances 
were calculated from the acceleration curves in Figures 46 through 
48. A shift time of 0.5 seconds, typical of a well shifted manual 
transmission, was allowed for each shift. In the diesel and 
electric/diesel configurations the vehicle is started in first 
gear and shifted through each gear in succession at the maximum 
engine/motor speed (5000 rpm) . In the electric configuration 
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the vehicle is started in first gear and shifted to second as soon 
as it reaches 27 km/hr, the speed equivalent to the base motor 
speed in second gear, and then is shifted directly to fourth at 
55 km/hr, the base speed in fourth gear. Because of the nearly 
identifical acceleration levels in the higher gears and the higher 
inertia losses in the lower gears, this shift pattern gives the 
best acceleration for the electric drivetrain. 

Figures 50, 51 and 52 are the gradeability curves for the electric 
drive, diesel drive and electric/diesel combined. drive, respective- 
ly, for the preliminary NTHV. Gradeability is a measure of the 
maximum percent grade that the vehicle can climb at a given speed 
in a given gear. The shapes of these curves are quite similar to 
the acceleration curves. Since they are steady state conditions, 
the inertial losses have not been included in these plots. As 
a result, for the electric drive (.Figure 50) there is even less 
difference between the gradeability curves in the different gears 
than there is in the acceleration curves. The minimum specified 
gradeabilities for this program^ are about equal to the maximum 
gradeability of the electric drive, and well below those of the 
diesel and the combined electr: c/diesel drives. 

The electric ranges of the different NTHV system packages are 
shown in Figure 7 (Section 4) . The electric range of the base- 
line NTHV using only its battery energy over the standard driv- 
ing cycles is 


Driving Cycle 


Electric Range 


Federal Urban Driving Cycle 
Federal Highway Driving Cycle 
SAE J227a (B) Cycle 


25.5 km 
29.0 km 
40.2 km 


The fuel consumption of the diesel engine when driving over these 
same cycles is 


Driving Cycle 


Electric Ranae 


Federal Urban Driving Cycle 
Federal Highway Driving Cycle 
SAE J227a(B) Cycle 


14.14 km/2. 
19.34 km/?. 
12.39 km/i 


The fuel consumption in diesel drive is high in the J227a(E) cycle 
primarily because of the relatively large amount of idle time in 
that cycle. By comparison, the electric range is much greater 
because the electric drain at idle is zero. 
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Figure 52. Gradeability Curves (Combined Electric and Diesel Drives) 




The acceleration and gradeability of the NTHV packages always 
gave better results than the minimum specified requirements for 
this program. The electric range of a NTHV depends greatly on 
the system package , the operational strategy , and the mission 
through which the vehicle is being taken. 
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SECTION 16 
MISSION EFFECTS 


As mentioned above/ because the NTHV is intended to replace an 
all-purpose ICE vehicle, all of The Trade-Off Studies were per- 
formed by taking the NTHV system packages through Mission A, 
which covers 98.8 percent of all trips. Using the hybrid vehicle 
in a more specific mission, such as Mission C (family and civic 
business), which covers 40.3 percent of all travel, increases the 
petroleum economy. This is shown in Table 46. 

For restricted missions, the hybrid loses the advantage of being 
an all-purpose vehicle, and its benefit (petroleum savings) drops 
from $3101 (1978$) in Mission A to $1097 (1978$) in Mission C. 

The effects of different missions on life cycle costs have been 
analyzed in the Sensitivity Analysis (Task 4 of the NTHV program) 
and are reported in the Sensitivity Analysis Report 1 *. 


Table 46. Effects of Taking the Baseline NTHV Through 
Different Missions 


Annua) Annual 

Fraction Annual * T ual Con* Fual Elactriclty Elactriclty Elactrlc 
Mission Trip Purpost of Trips Traval sumption Economias Consumption Economy Ranga 
(km) (t) (Wt) (kW-hr) (km/kH-hr) (km) 

A Cornu tars 98.8 1 8,59ft 540 34.42 3225 5.77 35.9 

Family Bus Inass 
Civic 

Social and Racraa- 
tlonal 

C Family and Civic 40.3 4,635 48 97.19 1387 3.35 35.2 

Ous Inass 


SECTION 17 

DETERMINE FLEET PETROLEUM CONSUMPTION 


There are several econometric studies 30 ” 35 that project the size 
and mix of automobile fleets based on consumer demand in the near 
term. Most of these studies concentrate on new-car demand, inter- 
actions among variables (such as purchase price, fuel economy, 
fuel price, economic forecast, etc.), and sensitive parameters 
that determine the overall fleet behavior. To include the hybrid 
vehicle in forecasts of the near term new car market shares would 
require a new dimension in automobile market projection methodology. 
In this study, instead of constructing a market share model for the 
hybrid vehic3.es, we tried to emphasize the impact of the hybrids on 
the near term fleet petroleum savings. Tables 47 and 48 show the 
new car fleet mixes (taken from Reference 12) for 1976 and 1985. 

For the 1985 mix given in Table 48, the. annual fleet petroleum con- 
umption is calculated to be 219 x 10* liters (58 x 10* gallons) . 


Table 47. 1976 New Car Fleet Mix 12 


Market Class 

New Car 
Flatt Nix 

. .... Li) _ 

Futl Economy 
rkm/i (moo)l 

Small 

7.9 

12.3 (29.1) 

Subcompact 

6.0 

10. S (25.4) 

Compact 

27.1 

3.9 (21.0) 

Full Slzt 

37.4 

6.3 (16.0) 

Large 

21.6 

6.0 (14.1) 


Table 48. 

1985 New Car 

Fleet Mix 1 2 

Market Class 

Ntw Car 
FI tat Nix 

Futl Economy 


(5) 

[km/l (mpg)J 

Small 

11 

17.6 (41. S) 

Subcompact 

14 

16.1 (38.0) 

Compact 

30 

13. S (32.0) 

Full-Slit 

30 

10.6 (25.0) 

Larga 

1! 

3.9 (21.0) 
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An NTHV market share on the order of 100,000 vehicles in the com- 
pact class In 1985 would save 68 x 10* liters (18 x 10* gallons) 
of petroleum. Moreover, if all of the 3 x 10 ‘ new cars in the 
compact class were replaced by NTHVs, the fleet petroleum savings 
would be 2040 x 10* liters (540 x 10* gallons), or 0.931 percent. 

Our present life cycle cost analysis has shown that the purchase 
price of a hybrid vehicle ($8,513.72 in 1978$ for the baseline 
NTHV) is higher than the reference ICE vehicle ($6,631.44 in 
1978$) . As the battery capacity and therefore the electric range 
of the hybrid vehicle increases, the petroleum savings increase, 
but so also does the purchase price and the life cycle cost of 
the vehicle. 

The market share for the hybrid vehicle can be studied by just 
considering the hybrid vehicle demand elasticity with respect to 
purchase price as -1.2 (Reference 30). This elasticity value im- 
plies that a one percent increase in purchase price will result 
in a 1.2 percent decrease in demand for hybrid vehicles. 

The penetration of difference NTHV system packages into the com- 
pact class market in 1985 was investigated by using a simple con- 
stant price elasticity scenario. The result of this scenario is 
shown in Table 49. A hybrid vehicle with a 60V battery and a 28 
km electric range seems to have the maximum potential for petro- 
leum savings . 

However, the potential economic value of the hybrid vehicle would 
be higher to a producer subject to mandatory petroleum economy 
regulations and to a government which is attempting to minimize 
foreign petroleum dependence. The purchase prices in Table 49 
will vary significantly for various pricing policy decisions. 

Thus higher manufacturing cost of hybrid vehicles does not neces- 
sarily imply a proportionately higher purchase price. This trend 
will push the hybrid vehicles to higher battery capacity and, as 
a result, to longer electric range. 
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Table 49. 

Price Elasticity Scenario 
Vehicles 

for the Near 

Term Hybrid 

Battery 

Capacity 

(v) 

Purchase 

Price 

(1978$) 

Decrease in 
NTHV Demand 
(*) 

NTHVs 

Purchased 

Annual 
Compact 
Class 
Fuel Con- 
sumption 
(*10H) 

4 » 

6,631.44 

-- 

0 

4200 

36 

7,468.40 

15.51 

2,545,500 

2520 

48 

7,762.68 

20.47 

2,385,885 

2439 

60 

8,105.84 

26.68 

2,199,595 

2427 

72 

8,518.72 

34.15 

1,975,455 

2501 

84 

8,799.96 

39.24 

1,822,779 

2510 

90 

8,925.24 

41.51 

1,754,768 

2529 

96 

9,019.48 

43.21 

1,703,700 

2535 
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SECTION 18 
TRADE -OFF RESULTS 


The present trade-off studies show that a near term hybrid vehicle 
that can perform as well as the reference ICE vehicle can be de- 
signed and built. This all-purpose passenger vehicle, when taken 
through Mission A with its accessories on, can save as much as 
60 percent of the petroleum which the ICE vehicle consumes, but 
at a 33 percent higher life cycle cost. In the near term, the 
NTHV can be cost competitive with the reference ICE vehicle when 
the price of petroleum rises to 0.50 $/liter or when the cycle life 
of the batteries increase to 365Q. 

The NTHV configuration outlined below is a result of the present 
trade-off studies. In order to be certain that the NTHV will 
exhibit the greatest potential for petroleum savings in the near 
term, we evaluated both the marketability (including customer 
acceptance and cost/benefitsl and the manufacturability and design 
(including mass production, packaging and performance) of every 
subsystem and component. 

18.1 VEHICLE SIZE AND WEIGHT 

The 1980 General Motors X-body represents the state of the art in 
packaging and weight reduction for a five-passenger vehicle and is 
a very good base upon which to build a near term hybrid. The initial 
size estimates of the hybrid vehicle are given in Table 50. 

The curb weight of the hybrid vehicle is estimated at 1754 kg. The 
initial weight estimates of the vehicle's subsystems and components 
are given in Table 51. 

18.2 POWER CONFIGURATION 

The parallel hybrid concept has been chosen because its overall 
efficiency is the highest of the feasible alternatives and because 
it allows the ratio of heat engine to electric motor power to be 
varied (for optimized operation). 

18.3 POWER SIZING - HEAT ENGINE/ELECTRIC MOTOR/BATTERY CAPACITY 

The choice of battery capacities was narrowed to 10.5 to 14.7 kw-hr 
by the benefit-cost behavior of the hybrid system packages, by 
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Table 50. Initial Size Estimates of the NTHV 


Wheelbase 

265 cm 

Length 

449 or 500 cm 

Height 

139 cm 

Width 

173 cm 

Front Tread 

149 cm 

Rear Tread 

145 cm 

Front Seat Headroom 

97 cm 

Front Seat Leg Room 

107 cm 

Front Seat Shoulder Room 

143 cm 

Front Seat Hip Room 

140 cm 


Table 51. Initial Weight 

Estimates 

of the NTHV 

Subsystems and Components 

Weight (kg) 

% of Total 

Frame and Body Structure 

307.0 

17.50 

Removable Panels 

124.6 

7.10 

Basic Body 

170.0 

9.69 

Suspension System 

80.0 

4.56 

Brake System 

91.0 

5.19 

Steering System 

27.3 

1.56 

Tires 

65.0 

3.71 

Wheels 

47.0 

2.68 

Restraints 

14.2 

0.81 

Air Conditioning 

22.3 

1.27 

Transmission 

54.5 

3.11 

Drive System 

64.0 

3.65 

Heat Engine 

136.0 

7.75 

Motor 

70.0 

3.99 

Controller 

5.0 

0.29 

Charger 

5.0 

0.29 

Batteries 

392.0 

22.35 

Power Harness 

22.7 

1.29 

Battery Tray 

39.7 

2.26 

Microprocessor with Sensors 

17.0 

0.97 

Total Curb Weight 

1754.3 

100.00 


the reflections of those packages on the marketability scenarios, 
and by the packaging restrictions. With the inclusion of the 
accessories, the choice becomes 14.7 kW-hr (that is, an 84 Volt 
battery pack) . The optimum electric motor/heat engine power 
combination for an 84 Volt battery is a 29 kK (peak power) electric 
motor and a 48.5 kw (peak power 1 heat engine. 

18.4 HEAT ENGINE SELECTION 

Of the four most likely heat engine candidates, (spark ignition, 
stratified charge spark ignition, naturally aspirated diesel and 
turbocharged diesel) we verified that the lightweight turbocharged 
diesel offers the greatest potential in fuel savings. 

18.5 ELECTRIC MOTOR SELECTION 

The three dc motors considered in the trade-off studies show sim- 
ilar performance and cost properties. However, the dc compound 
motor was chosen for the NTHV because it requires a less complex 
control system design. 

18.6 TRANSMISSION TYPE 

The computer controlled manual transmission maximizes the petrol- 
eum savings in an NTHV, but its availability in the near term and 
its public acceptance are questionable. Therefore, our choice is 
the computer controlled automatic transmission. 

18.7 BATTERY TYPE 

As the present study shows, an NTHV needs batteries that last 
throughout the life of the vehicle in order to be cost competitive 
to the reference ICE vehicle. The nickel-iron battery is then the 
best choice if it becomes available in the near term. Otherwise, 
the best alternative is the ISOA lead-acid battery. 

18.8 REGENERATIVE BRAKING 

The advantages (including cost effectiveness) of regenerative 
braking have been shown in previous studies and confirmed in this 
study. So the NTHV will have regenerative braking. 

18.9 HEATING 

The NTHV will have a separate petroleum-burning heater. Such a 
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heater is more fuel efficient and cost effective than running the 
heat engine for heating purposes. 

18.10 OPERATIONAL STRATEGY 

For a warm start, the batteries will initially be depleted to 
their maximum allowable scats of discharge, after which, the heat 
engine will become the primary drive component. For a cold start 
and for a self-contained warmup, the heat engine will be the pri- 
mary drive component until the batteries reach their minimum 
allowable operating temperature. Then the warm start operational 
strategy will be used. 

A summary of the near term hybrid vehicle specifications is given 
in Table 52. 

Figure 53 shows one of the preliminary 84 Volt battery packaging 
configurations, and a possible battery ventilation system is 
illustrated in Figure 54 for a different battery configuration. 
The performance specifications of the 85 Volt NTHV are given in 
Table 53, and its life cycle costs in Table 54. 
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Table 52. Suranary of the NTHV Specifications 


Weiaht 


Curb Weight 

1754 kg 

Inertia Weight 

1894 kg 

Dimensions 

Length 

449 or 500 cm 

Width 

173 cm 

Height 

139 cm 

Wheel base 

265 cm 

Battery 

Type 

I SO A Lead/Acid 

Capacity (3 hr rate) 

14.7 kW-hr 

Vol tage 

84V 

Weight 

392 kg 

Size 

181 DM 3 


Heat Engine 
Type 

Displacement 

Power 

Torque 

Speed 

Electric Motor 
Type 

Power Rating 
Field Control 
Maximum Speed 

Transaxl e 
Type 

Number of Gears 
Gear Ratios - 1 
2 
3 

Final Drive Ratio 


4-cylinder Turbocharged VW diesel 
1475 cc 

48.5 kW 9 5000 rpm 
119 Nm 0 1000 rpm 
5000 rpm 


Compound wound dc 

29 kW intermittent; 15 kHT continuous 
Transistor, 3:1 speed range 
10,000 rpm 


3-speed, computer controlled automatic with 
lockup torque converter 


3 

2.84:1 

1.60:1 

1.00:1 

2.53:1 


ps 




Table 52 (Cont'd) 


Brakes 

Type 

Suspension 

Type 

Steering 

Type 

Tires 

Type 

Microprocessor 

Type 


Disc/drum with regenerative braking 


Four-wheel independent 


Powered rack and pinion 
Radial ply P205/75 R14 


8-bit single chip with associated memory and 
control circuits 


jf 
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Figure 53. 


Possible Battery Configuration 
in an X-Body 
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Table 53. Vehicle Performance Specifications* 


PI Minimum Non-Refueled Range 



PU1 

FUDC 

630km 


PI. 2 

FUDC 

498km 


PI. 3 

J227a(8) 

437km 

P2 

Cruise 

Speed 

88km/ h 

P3 

Maximum Speed 



P3.1 

Maximum speed 

18Q km/h 


P3.2 

Length of time maximum speed can be 
maintained on level road 

5 min 

P4 

Accelerations 



P4.1 

0.5Q km/h (Q.3Q mph.) 

5 sec 


P4.2 

Q-90 km/h (0-56 mph) 

13 sec 


P4.3 

40-90 km/h (25-56 mph) 

10 sec 


P5 Gradeability (Heat Engine only).** 




Grade 

Speed 



P5.1 

3% 

118 km/hr 



PS. 2 

5% 

86 km/ hr 



P5.3 

8% 

80 km/ hr 



P5.4 

15% 

25 km/hr 



P5.5 Maximum Grade 

25% 



P6 

Payload Capacity 



520kg 

P7 

Cargo Capacity 



Q.5m 3 

P8 

Consumer Costs - 





P8. 1 Consumer purchase price 

(1978 $) 

9005S 


P8.2 Consumer life cycle cost 

(1978 $1 

Q.14S/km 


*84V Near Term Hybrid Vehicle with, the accessories on. 

**0i stance is not included, because in diesel drive the distance is limited 
only by the fuel tank, capacity. 
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Table 53 CCont‘dl 


P9 Emissions (Heat Engine Only) 

P9.1 Hydrocarbons (HCl 
P9.2 Carbon monoxide (.CO 1 

P9.3 Nitrogen oxides (N0 X 1 

P1Q Ambient Temperature Capability 

Temperature range over which minimum performance 
requirements can be met 

PIT Rechargeabillty 

Maximum time to recharge from 8Q* depth-of- 
discharge 

PI 2 Required Maintenance 

Routine maintenance required per month 

PI 3 Unserviced Storeabllity 

Unserviced storage over ambient temperature range of 
-3Q°C to +50°C (-22° F to +122°F] 

PI 3.1 Duration 

PI 3. 2 Warm-up required 

PI 4 Reliability 

PI 4.1 Mean usage between failures - powertrain 

PI 4. 2 Mean usage between failures - brakes 

PI 4. 3 Mean usage between failures • vehicle 

PI 5 Maintainability 

P15.1 Time to repair - mean 
PI 5.2 Time to repair - variance 

PI 6 Availability 

Minimum expected utilization rate 

(i.e., 1QQ x time in service * (.time in service + 

I time under repair] 

PI 7 Additional Accessories and Amenities 

f 1 

j. Fuel -burning heater, air conditioner, cooling fan, 

alternator, air pump 

i 
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0.18 gm/km 
0*55 gm/km 
1.01 gm/km 


2Q # C to +40°C 


6-8 hrs 


1 hr 


12Q day 
1-2 min 


40,000 km 
40,000 km 
40,000 km 


5.0 hrs 

2.0 hrs 


975 


List 


Table 54. Life Cycle Costs of the 84V Near 
Term Hvbrid Vehicle 
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APPENDIX A 

MINI CARS' VEHICLE PERFORMANCE 
SIMULATION PROGRAM, CARSIM 


APPENDIX A 
CARSIM 


Minicars ' vehicle performance simulation program, CARSIM, was mod- 
ified to include the electrical components of a hybrid vehicle. 

The following detailed flow diagram represents a vehicle powered 
by either an internal combustion engine or an electric motor, or 
both. 
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APPENDIX C 

PRESENT-VALUE LIFE CYCLE COST ANALYSIS COMPUTER 
PROGRAM FOR A NEAR TERM HYBRID VEHICLE 
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PRESENT-VALUE LIPS CYCLE COST ANALYSIS COMPUTER 
PROGRAM FOR A NEAR TERM HYBRID VEHICLE 


In this computer program life cycle costs (LCCs) are divided into 
five groups: the first group calculates the manufacturing and 

acquisition costs for a Near Term Hybrid Vehicle (NTHV) ; the. 
second deals with the research and development costs; the third 
concentrates on the propulsion system maintenance costs; the 
fourth calculates the total operating costs for an NTHV; and the 
fifth group combines all the previously detailed LCC items and 
does a present-value analysis for each item. Finally, by knowing 
the present value of total LCC for an NTHV, the program compares 
the results with the LCC of a conventional internal combustion 
engine (ICE) vehicle and determines the "net benefit" per NTHV. 

The LCC analysis computer program is written in Fortran IV. The 
flow chart and the listing of the computer program are presented 
at the end of this report. 

MANUFACTURING AND VEHICLE ACQUISITION COSTS 

The manufacturing cost of a vehicle component or system is obtained 
from its unit cost estimating relationship. This relationship is 
considered as a second order polynomial: 

UNIT COST * f(WJ * A + A, xW+A„xWxW , (1) 

c O 1 C 2 C C 

where W c is the vehicle curb weight, which can be replaced by 
ln(w c ) or sin(W c ) , if desired. Also the unit cost estimating 
relationship can be extended to higher order polynomials and to 
other functional relationships, if necessary. The result of 
Equation 1 is the manufacturing unit cost for the vehicle component 
or system, for example, $/kg or $/kW. The unit cost is multiplied 
with the appropriate characteristic of the component or system, 
(weight of the system, power of the system, etc.) in order to 
obtain the manufacturing cost. 

The vehicle can be divided into any number of components and 
systems. The input data requirements for this section of the 
program are the component's or system's name, weight and, if 
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necsssary, its appropriate characteristic. Also, the coefficients, 
the functional form and the units of Equation 1 are to be inputted 
for each component and system. The last manufacturing unit cost 
estimating relationship has to be for the vehicle assembly cost, 
whose appropriate characteristic is assumed to be the vehicle 
curb weight that is determined in the program. 

After the manufacturing costs are calculated, the mark-up factor 
for the vehicle is analyzed using an estimating relationship 
similar to Equation 1, but now the independent variable is the 
total manufacturing cost. The mark-up factor is multiplied with 
the total manufacturing cost in order to obtain the purchase price 
of the vehicle. 

One then inputs the financing terms (such as the interest rate and 
the finance duration) , the sales tax and the salvage value at the 
end of ten years (as percentages of the vehicle purchase price) , 
and the discount rate for the present-value calculations. The 
cost of financing the vehicle purchase price is calculated by the 
formula: 

INTEREST » ? x ji x n x [ 1- ( 1+i) ~ n ] -1 - l} , (2) 

where P is the purchase price, i is the interest rate, and n is 
the finance duration in years. 

All the present-value calculations in this economic analysis are 
performed for each year, as follows: 

PRESENT-VALUE ■ S / (1 + j)“ , (3) 

where S is the value to be discounted in the mth year after 1985 
and j is the discount rate. 

The battery replacement costs are calculated in this section be- 
cause they are treated similarly to the vehicle manufacturing costs. 
The battery manufacturing cost is obtained with an estimating 
relationship having the form of Equation 1, but the independent 
variable is the total battery weight that has to be replaced 
periodically. 

The mark-up factor for the batteries is also analysed with an 
estimating relationship similar to Equation 1. This time the 


C-3 


independent variable it the battery manufacturing cost, and the 
mark-up factor is multiplied by the battery manufacturing cost in 
order to obtain the purchase price for the replacement batteries. 

The battery replacement financing terms, such as the interest 
rate and the finance duration (which has to be less than or equal 
to the life of the batteries) are inputted. The sales tax and the 
salvage value are inputted as percentages of the battery replace- 
ment purchase price. Then the cost of financing the battery 
replacement is calculated by using Equation 2 with the appropriate 
financing parameters. 

RESEARCH AND DEVELOPMENT COSTS 

The research and development costs can be estimated by dividing 
them into any number of elements. (This analysis can be omitted, 
if desired.) Each element's cost is calculated according to the 
formula: 


R + D ELEMENT COST - CT x R + C) (1 + L) 


(4) 


where T is the research and development element's man-hour 
estimate in hours, R is the man-hour composite rate in S/hr, C is 
the man-hour related costs in dollars, and L i3 the contractor's 
profit percentage. 

For each research and development element, the values of T, R, C and 
L have to be inputted. In the present-value calculations of the 
total research and development cost, equal annual costs are 
assumed, and the total research and development cost is divided 
into the number of research and development years in order to 
obtain the annual research and development cost. The research 
and development cost amortization duration tin years) and the 
annual vehicle production rate have to be inputted in order to be 
able to calculate the research and development amortization per 
NTHV vehicle. 

PROPULSION SYSTEM MAINTENANCE COSTS 

The propulsion system maintenance costs are a portion of the 
operating cost. The propulsion system maintenance costs can be 
estimated by dividing them into any number of elements. First, 
the annual driven distances of the vehicle have to be inputted 
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for ten years. Then one has to input each propulsion system 
maintenance cost element's name, scheduled maintenance interval 
in kilometers, mean time to repair, mean time to replace, mean 
time to inspect (all in hours) , labor rate in $/hr, and parts 
cost per maintenance interval in dollars. The program calculates 
the lifetime total cost of each element and the total propulsion 
system maintenance cost for each year. 

TOTAL OPERATING COSTS 

The total operating costs are divided into four subsystems “ 
energy, maintenance and repair, battery replacement and other 
operating costs. The battery replacement costs are calculated 
in the manufacturing cost group, and the propulsion system 
maintenance costs are determined in their own group. The total 
number of energy, maintenance and repair, and other operating 
cost elements that have to be treated in this section, has to be 
less than or equal to 20. 

For each energy cost element, its name, its forecasted unit costs 
in 1978 dollars for each year, its consumption rate (e.g., 
kmAW-hr, km/ 2.) have to be inputted. The first energy cost 
element has to be petroleum, which will later be used in the net 
benefit calculations. 

For each maintenance and repair cost element, its name and its 
unit cost in $/km have to be inputted. Also, for each other oper 
ating cost element (such as insurance, accessories, and tire 
replacement) , its name and its unit cost in $/km have to be 
inputted. All the input dollar values have to be in 1978 dollars 

The program writes out the operating cost elements in detail and 
calculates the total operating costs for each year. 

PRESENT-VALOE OF TOTAL LIFE CYCLE COSTS 

The vehicle acquisition costs, the operating costs, and the 
research and development cost amortization are discounted to 
present value, and the present value of the total LCC for an NTHV 
is calculated. Then, for the reference conventional ICE vehicle, 
present values of the petroleum energy costs and the total LCC 
(which are calculated using the same methodology as above) have 
to be inputted. The BENEFIT per NTHV is defined as the savings 
in petroleum consumption, 
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BENEFIT 


PET 


ICE 


- PET, 


NTHV 


(5) 


where PET is the petroleum energy cost for am ICE vehicle and 
PET N thv is che petroleum energy cost for an NTHV. The cost of 
accruing this benefit per NTHV is calculated by the formula: 


COST = (LCC - PET) . - (ICC - PET) 

NTHV ICE 


( 6 ) 


As a result, the NET BENEFIT per NTHV becomes the difference 
between the EENEFIT and the COST. 

COMPUTER PROGRAM INPUT PROCEDURE 

1.1 Title of the Project 

TITLE * Title of the project 

Variable Name Dimension Limit Format 

TITLE - Max. 80 characters 80A1 


1.2 Computer Run Data 

NORUN = Computer run number 
NOSYS = NTHV system package number 
NYEAR = Dollar value year 

JYEAR = First production and marketing year 
NPROD = Number of production years 


NNUAL = 
DATE = 

Variable 

Annual production 
Computer run date 

s Name Dimension 

rate 

Limit 

Format 

NORUN 

— 



110 

NOSYS 

- 


mm 

110 

NYEAR 

- 


- 

110 

JYEAR 

- 


- 

110 

NPROD 

Years 


- 

110 

NNUAL 

Veh/Year 


- 

110 

DATE 

- 

Max. 

20 characters 

20A1 
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2. 1 Number of Manufacturing Cost Items 


N * Number of manufacturing cost items + 1 

("+1" refers to the "Vehicle Assembly Cost" 
and it should be the last item) 

Variable Name Dimension Limit Format 

N - Max. 49 15 


2.2 Vehicle Manufacturing Costs 

SNAME * Manufacturing cost item name 

WEIGHT = Component or system weight in kg 

AO * Constant coefficient for the unit manufacturing cost 

estimating relationship (e.g. r UNIT COST => AO + A1 x W c 
+ A2 x w c x w c , where W c is the vehicle's curb weight 
in kg) 

A1 * First degree coefficient for the unit manufacturing 
cost estimating relationship 

A2 * Second degree coefficient for the unit manufacturing 
cost estimating relationship 

UNITS = Dimension of the unit manufacturing cost (e.g., $/kW) 

KODFUN = Function code for the unit manufacturing cost 
estimating relationship 
KODFUN = 0 means W c = W c 

KODFUN = 1 means W c = In (W c ) 

KODFUN = 2 means W c * sin (W c ) 

XUNIT = If the di ..tension of the unit manufacturing cost is 
different than $/kg such as $/kW, then XUNIT is 
component's kW value. If the dimension of the unit 
manufacturing cost is $/kg, then XUNIT = 0. 


Variable Name Dimension 


Limit 


Format 


SNAME 

WEIGHT 

AO 

A1 


A2 


UNITS 

KODFUN 

XUNIT 


Max. 30 characters 


Unit cost dim. 

Unit cost dim , 

w 

c 

Unit cost dim . 

W x w 
c c 

- Max. 6 characters 

- 0/ I, or 2 
$/Unit cost dim. 


30A1 
F5.0 
Ell. 4 
Ell. 4 


Ell. 4 


6A1 

II 

F5.0 


Repeat 2.2 N Times 


2.3 Vehicle Mark-UD Factor 


SNAME = Mark-up factor for the vehicle 
DUMMY = A dummy variable 

AO = Constant coefficient for the mark-up factor equation 

(Y * AO + A1 X X + A2 X X X X, where 

X * Total manufacturing cost, if KCDFUN = 0 
X = In (total manufacturing cost) , if KODFUN * 1 
X * sin (total manufacturing cost) , if KODFUN = 2 

A1 = First degree coefficient for the mark-up factor equation 
A2 * Second degree coefficient for the mark-up factor equation 
UNITS = (Acquisition cost, S) /(Total manufacturing cost, $) 
KODFUN = Function code for the mark-up factor equation 


Variable Name Dimension Limit 


Format 


SNAME 

DUMMY 

AO 

A1 

A2 

UNITS 

KODFUN 


Max. 30 characters 30A1 

F5.0 
Ell. 4 

l/$ .if KODFUN-Q - Ell. 4 

l/$ 2 ,if KODFUN=0 - Ell. 4 

Max . 6 characters 6Ai 
- 0, 1, or 2 II 












2.4 Vehicle Sale and Salvage Conditions 


TAX * Vehicle sales tax 

FAIZ * Interest rate 

AY * Finance period in months 

SALVA1 * Salvage value of the vehicle given as the percentage 
of the purchase price 
DISCNT ■ Present-value discount rate 


Variable Name Dimen sion 

TAX 
FAIZ 
AY 

SALVA1 
DISCNT 


Limit Format 


0. to 1.0 F10.0 
0. to 1.0 F10.0 
Max. 120 months F10.0 
0. to 1.0 F10.0 
0. to 1.0 F10.0 


Month 


3.1 Replacement Battery Manufacturing Cost 


SNAME = Replacement battery data 

WEIGHT = Weight of the battery to be replaced periodically 

A0 = Constant coefficient for the battery manufacturing 

unit cost equation (Y * A0 + A1 x x + A2 x x x x) , where 

X * WEIGHT, if KODFUN * 0 
X * In (WEIGHT) , if KODFUN = 1 
X = sin (WEIGHT) , if KODFUN * 2 

A1 = First degree coefficient for the battery manufacturing 
unit cost equation 

A2 * Second degree coefficient for the battery manufacturing 
unit cost equation 

UNITS = $ , Manufacturing cost of batteries ® Y * WEIGHT 

KODFUN = Function code for the battery manufacturing unit 
cost equation 


triable 

Dimension Limit 

Format 

SNAME 

Max. 30 characters 

30A1 

WEIGHT 

kg 

F5.0 

A0 

$/kg 

Ell. 4 

A1 

$/kg 2 , if KODFUN*0 

Ell. 4 

A2 

$Ag 3 , if KODFUN=0 

Ell. 4 

UNITS 

- Max. 6 characters 

6A1 

KODFUN 

0 , 1 , or 2 

11 


3.2 Batterv Mark-up Factor 


SNAME « Mark-up factor for the replacement batteries 
BLIFE * Battery life in years 

AO * Constant coefficient for the mark-up factor equation 
(Y * AO + A1 x X + A2 x x x X) , where 
X - Battery manuf. cost/ if KODFUN * 0 
X » In (battery manuf. cost) , if KODFUN ■ 1 
X * sin (battery manuf. cost) , if KODFUN « 2 
A1 * First degree coefficient for the mark-up factor equation 
A2 » Second degree coefficient for the mark-up factor equation 
UNITS * None/ Acquisition cost * Y x Battery manuf. cost 
KODFUN = Function code for the mark-up factor equation 


iriable 

Name Dimension 

Limit 

Format 

SNAME 

- Max. 

30 characters 

30A1 

BLIFE 

Year Max . 

10 years 

F5.0 

AO 

- 

- 

Ell. 4 

A1 

l/$ /if KODFUN-O 

- 

Ell. 4 

A2 

1/5 2 z if KODFUN-O 

- 

Ell. 4 

UNITS 

Max. 

6 characters 

6A1 

KODFUN 

1 

O 

H* 

, or 2 

11 


3.3 Battery Replacement and Salvage Conditions 

TAX * Battery replacement sale tax 
FAIS = Interest rate 

AY = Finance period in months which should be less than or 
equal to the life of the batteries 

SAI/VA1 » Salvage value of the batteries as a percentage of 
the battery purchase price 


.riable Name 

Dimension 

Limit 

Format 

TAX 

— 

0. to 1.0 

F10.0 

FAIZ 

- 

0. to 1.0 

F10 . 0 

AY 

Month 

Max. -BLIFE x 12 

F10.0 

SALVA1 

- 

0. to l.C 

F10.0 
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N * Number of research and development cost items 


NRDVEH * Number of research and development prototype 
vehicles to be produced 

NRDYR * Number of research and development years 

IAMORT - Number of research and development cost 
amortization years 

DISRD * Research and development discount rate 


Variable Name Dimension Limit Format 


N 15 

NRDVEH - 15 

NRDYR Year - 15 

IAMORT Year - 15 

DISRD - 0. to 1.0 F5.0 



Research and Development Item Data 


SNAME = Research and development cost item name 

HRMAN = Man-hours in hrs 

RATE * Composite man-hour rate in $/hr 

RCOST = Man-hour related costs in $ 

CPROF * Contractor's profit percentage 


Variable Name 

Dimension 

Limit 

Format 

SNAME 


Max* 30 characters 

30A1 

HRMAN 

hrs 

- 

F10.0 

RATE 

$/hr 

- 

F10.0 

RCOST 

$ 

- 

F10.0 

CPROF 

- 

0. to 1.0 

F10.0 



5 . 1 Propulsion Maintenance Costs 

N * Numbar of propulsion maintenance cost items 

MILE * Kilometers traveled during each year for ten years 


Variable Name Dimension 
N 

MILE km. 


Limit 


Format 

16 

1016 


5*2 Propulsion Maintenance Cost Item Data 

SNAME * Propulsion maintenance cost item name 

INTERV * Scheduled maintenance interval in km 

TIME * Mean time to repair, replace, and inspect in hrs 

RATE * Labor rate in $/hr 

PART 81 Part cost per maintenance interval in $ 


Variable Name Dimension 


SNAME 

INTERV 

TIME 

RATE 

PART 


km 

hr 

$/hr 

$ 


Limit 

Max. 30 characters 


Format 

30A1 
110 
F10 . 0 
F10.0 
F10.0 


6.1 Operating Costs 

KFUEL * Number of different energy sources used in the 
vehicle 

KMAINT * Number c ! dif f erent maintenance and repair items 
except the propulsion maintenance 

KOTHER = Number of other operating costs 


Variable Name Dimension 

KFUEL 

KMAINT 

KOTHER 


Limit 

(KFUEL + KMAINT + 
KOTHER i 20) 


Format 


012 


4 * 


6.2 Energy Source Item Name 


OPNAME « Energy Source Name 
UNIT1 ■ Energy price units ($/£) 

Variable Name Dimension Limit Format 

OPNAME Max. 25 characters 25A1 

UNIT1 e.g., $AW-hr Max. 10 characters 10A1 

6.3 Energy Source Data 

ENERGY * Energy unit price forecasted in 1978 $ 

UNIT2 » Energy consumption unit (Jem/ 2.) 


ROAD » Energy 

consumption rate (km/i) 


Variable Name 

Dimension 

Limit 

Format 

ENERGY 

e.g., $/kW-hr 

— 

10F5.0 

UNIT 2 


Max. 10 characters 

10A1 

ROAD 

e.g. , km/kW-hr 

— 

F10.0 

REPEAT 6.2 and 

6.3 KFUEL TIMES 



6. 4 Maintenance and Repair Cost Data 

OPNAME * Maintenance and repair cost item name 
ROAD * Maintenance and repair unit cost in $/km 
UNIT1 * $/km 


Variable Name 

Dimension 

Limit 

Format 

OPNAME 

— 

Max. 25 

characters 

25A1 

ROAD 

?>’/km 


- 

F10.0 

UNITl 

- 

Max. 10 

characters 

10A1 


REPEAT 6.4 KMAINT TIMES 


6.5 Other Operating Cost Data 


OPNAME ■ Other operating cost item name 
ROAD « Other operating cost in $/km 
0NIT1 » $/km 


Variable Name 

Dimension 


Limit 

Format 

OPNAME 

— 

Max. 

25 

characters 

25A1 

ROAD 

$/km 



- 

F10.0 

UNITl 

- 

Max. 

10 

characters 

10A1 


7. 1 Life Cycle Cost of a Conventional ICS Vehicle to 
be Replaced by a NTHV 

PCCICE = Life cycle cost per ICE vehicle in 1978 $ 
discounted at the same rate as the NTHV 

PETICE * Petroleum cost -per ICE vehicle in 1978 $ 
discounted at the same rate as the NTHV 


Variable Name Dimension 


Format 


PCCICE 

PETICE 


$ 

$ 


Limit 


F10.0 

F10.0 


FLOW CHART OF THE COMPUTER PROGRAM 


READ IN RUN DATA: TITLE, NORUN, 

NOSYS, NYEAR, JYEAR, NPROD, 
NNUAL, DATE 


CALL VEHICLE MAINTENANCE COSTS, 
VEHICLE ACQUISITION COST AND 



PRECEDING PAGE BLANK NOT FILMED 


017 








I 

\ 



READ IN VEHICLE MANUFACTURING COST 
OATA: N, SNAME, WEIGHT, AO, Al, 
A2, UNITS KOOFUN, XUNIT 


CALCULATE VEHICLE MANUFACTURING 
COST 

i 

WRITE CUT VEHICLE MANUFACTURING 
COSTS IN OETAIL 


I 


V 


REAO IN VEHICLE MARK-UP FACTOR: 
SNAME, OUMMY, 20, Al , A2, 
UNITS, KOOFUN 


T 


CALCULATE VEHICLE MARK-UP FACTOR 
AND VEHICLE ACQUISITION COST 


i 

\ 


READ IN VEHICLE SALE AND SALVAGE 
CONDITIONS: TAX, FAIZ, AY, 
SALVA1 , OISCNT 



7 

7 

1 

1 
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REAO IN RESEARCH AND DEVELOPMENT 
' COST DATA: N, NRDEVH, NYRDYR, 

I AMORT, DISRO, SNAME, HRMAN, 
RATE, RCOST, CPROF 


WRITE OUT RESEARCH ANO DEVELOPMENT COST 
ELEMENTS IN DETAIL, TOTALS, PRESENT 
VALUE, AND RESEARCH AND DEVELOPMENT 
AMORTIZATION PER NTHV 


RETURN 













8 

R 


V 


READ IN ENERGY COST FORECASTS AND 
ENERGY CONSUMPTION DATA 



CALCULATE ENERGY COSTS 
FOR EACH YEAR 


l ' WRITE OUT ENERGY COST FORECASTS, 
\ ENERGY COSTS IN DETAIL, 

\ AND TOTALS 


READ IN MAINTENANCE AND REPAIR COST 
OATA EXCEPT PROPULSION SYSTEM 
MAINTENANCE COST DATA: 

OPNAME, ROAD, UNIT! 


CALCULATE MAINTENANCE AND REPAIR 
COSTS FOR EACH YEAR 





READ IN OTHER OPERATING COSTS OATA: 
OPNAME, ROAD, UNIT! 






» 
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9 


9 

S 



CALCULATE PRESENT VALUES OF ACQUISITION 
COSTS, OPERATING COSTS, AND 
TOTAL LCC 


T 


L WRITE OUT PRESENT VALUES OF ACQUISITION 
\ COSTS, OPERATING COSTS, RESEARCH AND 
\ DEVELOPMENT COST AMORTIZATION 

\ AND TOTAL LCC 


READ IN LCC PER ICE VEHICLE IN 1978 $ 
DISCOUNTED AT SAME RATE AS NTHV AND 
PETROLEUM COST PER ICE VEHICLE 
IN 1978 $ DISCOUNTED AT SAME 
RATE AS NTHV 


CALCULATE BENEFIT PER NTHV, COST OF 
ACCRUING THIS BENEFIT PER NTHV, 

ANO NET BENEFIT PER NTHV | I 


I 








027 



THE LISTING OF THE COMPUTER PROGRAM 
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I 


// oca (3i89,«os»200,, 2) 

// SXZC 908TXCI 
//P08T.S7SX3 00 • 

c txxz C7C1X CCS* CC8P0TX8 HCSIIS 

c am fiosaaa 

C038C8 BIB, SCOT, TIT IX (80 ), 8080 1, 8CSTS ,27 X43, JX 148, 3 9300,88 SAL, 
tOAZZ(ZO) ,Aca(»*ii) ,bacos7(4,iu ,tax,pu:,4i,2aivai ,accc3t,tijc2c, 
23X12 (10) ,980901(11) ,093232 (23,23) ,09C0ST (20, 11) , XJ3X1, S.IAXNT, 
JXOTSX3, CXSC8X, AJCO 

C C0890T28'3 IS90T ABO 007907 27STI8 COOX 833SUS 
SO 10 1-1, 4 
00 11 > 1,11 
IACOST (X,J) *0. 

11 Aca(x,j)-o. 

10 C087X30Z 

00 12 1-1,13 

12 axiz(X)«o. 

00 12 1 * 1,11 

13 9IO?U1(X)«0. 

00 20 1 * 1,20 

CO 21 0*1,11 

21 OPCOSt (2,0) *0. 

20 C0BT73UX 
SIB* 5 
3007*6 

32A0 (BXH,1) TXT 12 

1 9023 AT (80A 1) 

82A0 (828,2) 30*3 8 , HOSTS , 37 XA3 , J7 548, 89300, B3U 41, CATS 

2 9088 AT( 3X10,2341) 

CALI • ACCSS 
CALL BCCOSS 
CALL 9 3CP0 3 
CALL 0PC0S3 
CALL 1CCCST 

STOP 

230 

S088 0 0TX32 7AC0S7 

C038C8 37 H , 3007 , TXT 12 (SO ) , ICaOB, S0S7S ,37 E AS, J7 143, 3PSOO, U8 0A1 , 
10ATZ{2C, , AC3 CO, 1 1) ,3AC0ST(4,11) ,TAX, P AIT, 47,34 3711 ,BCCCST,XA.*!CST , 
28X12 (10) ,980901(1 1) ,0934.12 (23,25) , OPCOST (20, 1 1) , S?’JZl,X2AXST, 
3X0TSZB, 8X3027,4X0 

OISE SSIC3 S 3482 (SO ,30) ,3X1087 (50) , 10 (53) , 1 1 (S3) , A2 (52) , 

10BIIS (33,6) ,20 0908(53) ,20327(53) ,17243(1 1) , 3 ( 1 1) ,3 I ( 1 1) , 27 ( 120) , 
297X3 (’20) ,3T1( 11) ,37X31 (11) ,37241 (11) ,37.U (1 1) 

3X41*8 410 
XX4L *8 411 
3X41*8 412 
3141*8 9U3CT3 
04TA 413/' 3*/ 

C474 A 11/' LB (8)'/ 

0A7A A 1 2/ ' S X H ( 3) •/ 

2083*0. 

203C-0. 

SO 701 1*1,11 
17XAB (I) -0. 

3 (X) *0. 


! 1 (X) *0. 

8 X 1 ( I )* 0 . 
STI3 1(1) *0. 
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onnonon 


szsuo*o. 

701 ini(X)*o. 

CO 7C2 x»1# 120 
IT (X)»0. 

702 8TX3(X)«0. 
lUD(UM) 3 

1 rota 
oo 2 x«i,a 

11 * 0 (DM, 3) (3S*aZ (X,J) ,9-1,30) ,8ZX38T(I) .A3 {Z) . A 1 { X) ,*2(1) , 
i (osxxscx ,J) ,> 1,0 ,xcan ti(X) ,X3 s:t it) 

3 roia*T(3J*1 ,73. 0,3X11.4,4*1,11, M. 3) 
msat-coaroaxsr ot sxsxxa tzxsat is no 
OMIT CCST" A0**1 a t a *2 a * •* 

<•398 or ' SZX6BTS* ,SA3XXX CCZ3 IEX58Z Cf XSS VZSXCXS 

csxts* out cr is z oaxt ccsr ix.z. s/xs > 
zooroa-rcscixoa cost (i.x. zcoraa-x sz*as s-sxais) ) 
xoaxt-t* mix cost xs oirrsazat xa*s i/xs soca *3 r/xs.rass 
Xt'SII»....X3 . x? as XT ccs? xs s/sc , TBZS X33XT a ). 

2 soa«-soa«»azxcat(X) 
do • x-i,a 

:r doornail) .zq.O) x-scas 

XT (XCOfUS (X).ZC. 1) X-*XC8(S9SS) 

xr(zocms(X) . zq. 2) x-sxsiscasj 

I«*0 (!)♦*! (X) a X**2 (X) *X"X 
xrumzd) .£3*3) xcax;(x)>(£xsax(x) 
c rca t-a, vzozcxz xsszasti cost 

Xr(X.SC.S) XOSTT (X)»S33t 

c cost cr coaroMis? xs s 

XOHXX (X) ■ t a X7SXT (X) 

C TOT XX. 3 AM 07 ACT CHUG CSS? 

* soac-sr^xuaxxii) 

C Slllt 00T7UTTX SO THS TA3X2 XSC CALC3X.A7Z COST/XG . 

*8X11(3091,31) 

St roia*x(i8i,i30 i'**)) 

Itxrztaoot,!) XX7X2 

3 ro*a*T{ 180, 26Z, 30*1) 
vixxz (3C3Z ,4) acios 

• roaa*t(iao,#7x,' vssxcxz xcQsxszTXoa ccs? tisAsccsa* ,nx, 

1*893 SC. *,14) 

3BXSZ (SOOT, 7)3X1 *8 ,3A?Z 

7 70ta*T( ISO, !9X ,' ( * ,X5, ' S )• ,3*1,' OATS ',21*1) 

WITZ (SOOT ,4) 330*1, SSSCS, SCATS 

8 rota *1 ( 180, 37X.* *333*1 1S00CCTIC3 SAT2 *,X7,' ?SSXC12S/Ta FC5*, 
1X2,* TSXXS' ,12X, 'SXSTZS 7ACXASZ SO.', I#) 

38XXZ (SOOT, 9) 

9 rota *t( iso, 59x cr*,40 x,*s-c:a! szxgs:*) 

S81TZ (SCOT ,10) 

to ro8a*T(i8 ,39z,* szxsat* ,*,,* cost' ,3x,*ccst/ko *,4 z,*a*aor. •) 

Stltz (SCOT, 109) 

109 rOI3*t(1H ,*a*Ba?*C?93XSG CCSTS*, 12X,* (KG ) • , SX, • ( J) • , 4X. • (S/ICC )• 
1«4X, 'COSTS* ,9X,'0aXX COST ZSKSATS ailAUCSSHXS* ,10X,«79)iC?ZC3*, 
22Z,* OIXTS') 

41X72 (SOOT, 11) 

11 rots AT (18 , 19 ( •-•) ,111,4 (*-•) ,3 X,4 (•-•) ,31,7 (• -• ) ,3X,o (•-•) ,9X, 

131 (•-•), 10X,8(*-*),2X,5(*-*)) 
atiTZtaouT, i08) 

108 rOI8*T(1H ) 

oo 12 i-i, a 

17 (X. 17. 3) 8*TX01»X3aiT(X}/»SXGaTC) 

X? (l.zc. a) 8*ZXC1- X03XT cvsoaa 


C-30 


**tio;«x'jb:t (ij* ico./suac 
if (xcarosc) .sq. :> roacTi-no 

If (lOOPOSCj.rw. l)ftllCT»*lll 

xr (xocios :d .sq. 2) roxctmis 

if (I.m.js) hits ( scot, 13) ts»iaz(i,j) ,J* 1 , joj.sxxch? :i),xusx:; 
1*1110 1.S1TI02, AO (X) .11 (I) ,12(1) ,f 03C?1> ,(3X173 (1,0) ,0*1,6) 
fOft :•! XtSICLI 1SSE31LI cos? 

12 If (I.IC.3)**Xtt(XCB?,l4) (SXAai(I,J) ,-*1,20) , XUXXT (I) ,211101, 
1117132,10 5X1,11 (I), 12 (I) . 1 0!IC1S,(08ITS(I,0) ,0-1,0 

12 fosaittiHO.jaiurj.uxx.fi.i.jx.fT.i.ix.fi.x.ix.'c-* ,xii.», 

1111. 4, •)•»♦(* , si 1. »,')•*“«•» IX, *«••, 16, XX, 611) 

IV rosa It (1X0,201 1,ax,f7.2,3X,f7.2,3X,f6.2,2X,'C**,l1 1.4,'* (• , 
1111. v,*1 •«♦(•, XII. V,' )•«•«', IX,' 3**,1«,2X, 111) 
urn (soot, is) 

15 fOU IT ( IX , 20X, *(•-•) ,32, ♦(•-•) ,1JX, •(•-•)> 
iinci-soac/soaw 
*17102-100. 

HITS |300?,1S)SOS3,SOSC,1A?IC1,11X:02 

is mail (ixo, 'Totui' , 222 , f 7. 1 , ix, /a. 2 , 2 x,F7. 2 , 2x,rr. 2) 

VtltS (BOOT, 161) 

161 fOlfllTIIX ,6 (•••)) 

41X71(303?, 17) 
t7 foaaixtiBO) 

HITX (SOOT, 18) 

18 f0*ai7(ia ,130 !•-•)) 

fOICXISX ?12C2 XllK-Cf flCTOS 

itio (bin, 3 ) ismx is*i,j) ,2*1.30} ,03aar,io {*♦ t) ,11 or* i) , 12 (a* 
t (OX IIS (X * 1 , 3 ) ,0-1,6) ,SCDP03 (X* 1) 

DO IS 1*1.11 

19 mix (i)*jma*x*i 

XIX? X (BOOT, 20) (27X11(1) ,1*1,11) 

20 701811(1X0 . 232,11 (13, 3X) ,' TCTU') 

«izsz(xoot.;i) 

21 roiaisua ,32X, 11 (?(•-•), IX), *(•-•) ) 

Xf (XOOfOX (S*1) .10.3) X*SU.5C 
If (XOOfOS (3* 1) .2Q.1) X-1LOC (S03C) 

If (XCSfOM (3*1) .sc. 2) X-SX3 (S3 SC) 

3?aAlK«10(X*1) *1 1 (3*1) *X*l2 (3* 1) *X*X 

fiicz-omiMsoac 

1X10 (313, 22)71 X. fill, 17, SILVA 1 , OX SC3T 

22 POiai?(Sf 10.0) 

Z1T-1X 

Xf IT* 12 

ir(it.sc.o.)a(i)»fizcz 

If (AT. IQ. 0.) 50 70 25 

f AT* flics/ AX 

3*1 

00 23 1*1,120 
If (I.OT. II X) SO TO 25 
Xf (X.II.ZPII)B (S)-1(3)*P»X 
If (I. IQ. 1711) 8*8*1 
If (X.SQ.Xf AT) 1711*1717*12 

23 CO3TM0S 

salts foacxiss met 

25 3i:?X(30Cr7,2tt} U 731 IX, (S(Z) ,1*1,10) ,7BIC2 

2v f ciait (mo , 'poacaisi faxes', 1 (si-'.fS.s,* j'.si.ion.i.ei,? 

HIT I (3037,251) 

251 f 0I81T ( 1H ,1/*('-')} 

00 232 1*1,10 

252 ICQ ( 1,1) *1(1) 


C— 31 


C 31129 THIS 

112* 211*109. 

31(1) -T1X71X 

iUTX (SCCT,26>T1X, (81 (2) .2- 1, 13) .T1X71T- 
25 7013 It ( 110. ' 511X3 I1X2S (',75.2,' S ) • ,9X, 1079.2 ,32,79.:) 

*12 TX (SCO? ,27) 

2i tomitiis , ii (•-•)) 

CO 283 2*1* 10 
293 1CQ(2,2)-B1 |2) 
c ciicbuticss 

ruxi-o. 

11(1) *o. 

2F (1T.IQ.0. )5C TC 30 
l-lT/ 12 . 

71I11-PX2C2- ((1-7122/ (1. -(1. *71 22) •*{-!)) )- 1.) 

71229-71:21 
71X-7 1221/lT 
2212 • 12 
a-t 

CO 2$ 1-1, 123 
2F (2. ST. 211)00 TC 30 
27(2.12. 2211) 9 1(3) -01 (9) *?1X 
27 (X.2Q.271T) 3-3*1 
27 (2. IQ .2? IT) 1711-2212*12 
29 COSTS SCX 
JO 7122-1122* 103. 

«IITS (SCOT ,01) r 122, 2 IT, (!1 (X) ,2-1,13), 71221 

31 70U1T HS0,' IST2IZ3T (•,73.2,' \ IT', 23,' SOS) ', H, 1373.2. 61,79.:) 
21XTI (SOOT, 32) 

32 7C131T(18 .SC-*)) 

CO 2SU 2-1, 10 

234 ICQ (3 ,2)-81 (2) 

C 3A1T1CI 71202 07 T9X 7232012 
1— 71ICZ-SU711 
1(11)-1 

S127 11-8117)1-103. 
mix (SCOT, 33) 81 1711,1,1 

33 7003 IT (1H0, '5117132 71132 C7 723 (',79.2. • X ) ',302,78. 2,79.2) 

ICQ (*>,1 1) -1 

HIT I (SCOT ,34 ) 

34 701311(13 ,2J('- •) ,122,11 (7 (*-'), 12) . i (•-•) ) 

30 344 2-1,11 

2(2) -1(1) *11(1) 

344 11 (2 )-0. 

C HIT HI I27UC292ST COSTS 

1210 (SIS, 3) (S 3132 |1, J), 3- 1,33), S riSSTtI), 13 ( I) ,3 1 ( I) ,12 ( 1) , 

1 (OS ITS (1,3) ,J-1, 5) ,KOOr IS ( 1) 

27{XC070I( 1) .re. 3) X-JF23a:(1) 

27 (KCDPOS ( 1 ) . 2 C. 1) I- HC'3 (W IX3RT { 1)) 

2/IXOC7U3 (1) . IQ. 2) Z-SSS (.ZISHXp)) 

C S1TTS1T 022 COST, 4/SC 

T-13 (U *1 1 (1)-Z*12 (1)-J*X 
siToie-T-siisaxt i) 

C 1210 IS S1TT21! lIT12t SISKOJ 71CT03 

1110 (SIS, 3) [SSI! Z (2,3) ,3-1 . 33 ) ,3',. 72 , 13 (2) ,11(2) ,12(2) . 

1 (01X11(2,3) ,3-1,6) , <0370 1 ; 2) 

1X10 (S ZS ,22) T 11,7 122,17 , SI 271 1 
27 (XCC73S (2) . ZQ . 2) 4-91X31.1 


V 


C-32 


XJ(XC3ri)S(2) .Si. 1) 

If (KCCIOS (2).SC. 2) X*SX* (S4TCI3) 

T*40 (2) *41(2) •1*42(2) *X«X 
IStXCZ*!*li7CXS 
MOMIIZCZ 
4Xl*(10./IUTX)-». 

14*4 X 1 
4*24 

If (1. XX. AT 1) 411*4*1. 

IAT1XI*AX1*I?RXCX 
X4*12.*IUXX 
:asa*24*i 
30 *0 1 * 1,111 
ITII.IQ.Z3M) »2{2) •ITIXCX 
to Xr(X.ZC.tSOS)XS8ft*XSOS«X4 
CO 350 1-1, 10 
30 33 1 0*1,12 
X1*(X-1) *12*J 

331 ITSAI(X)*I23AX1I)*1T121) 
lt4Xlt)**tS4t(D *74X 

330 lt34X(Z)*-*7SAt(t) *S4tt41 
XIUT.XQ.O. )4I-1. 

IXZS-I7KXCZ/4T 

X4t*4l 

CO 3S2 X*1, 120 

zr (it (X). zq. o. joc to 332 

ii*i*i 

Xf*X>X4X 

CO 3S3 0*XI,X? 

330 IRS (O)-IRS (J)*I2SS 

332 C03TI30X 

30 354 1*1,10 
CO 3S! 0*1, 12 
X1*(X-1)*12*0 
ST 1 ( X) *IT1(:) **7X9 (II) 

353 IRS |11)*0. 

354 OSTXSOl 
142X1*0. 

4*4T/ 12. 

XT (41. x;. 1. )5C TC 379 

f4XZ1-IMXCZ*( (A«fAIX/(1.- (1.*PAZ2) •*(-A)))-1.) 
37C I4X-P4XZ1/4I 
■ CO 354 X*1, 120 

it (ititj.xa.o. joe :c os* 

II*X*1 

XT*Z*X1X 

SO 357 J*IS,Z? 

337 IRS (J)*3TX 9 (0) * FAX 
35* COMTXSQZ 

30 33* 2-1,19 
CO 35* J*1, 12 
XI- (X-1)-12*J 

35* ltai(t)-IT2S1(X) *ITX3(Z1) 

is* coBtrsct 

CO 3*1 X-1, 11 
I4C0ST ( 1 , 2 ) - 0? 1 (2 1 
14037(2, I) -87AX (X) 

•ac8sti3,:)-s;xsi ixj 

3*1 14037(4,2) *iTSAi (I) 

If (41. XC> 1. ) At-9. 


'• r -UifVAL 

' * Poo 9 


f A 

f it • 

; . A J 


C-33 


T0TAL-pazci*TAxpA7*FAi29*a pi) 
sans (30UT.nl) (3(1) ,1-1,11) .TOTAL 

41 FCasAT (1 HO,' TOTALS’ ,25X, 1 1?8, 2, F9. 2) 
sail! (MO 07. 42) 

42 fobsai na ,6 (•-•)) 

? assist ? alos calculations 

tCTAi-O. 

CO 43 1-1,11 

B (I) -B (I)/ ( (1. *023082) ••!) 

43 T0T1L-T0TAL*B (I) 

A-OXSCST* 103. 

MBItS (SCOT, 44} A, (2 (I) ,2- 1, 1 1) , TOTAL 

44 fCaaAt(150,'?2£S2ST 7AL0S {',F5.2,' 5 ) • ,7 X , 1 1 P3 .2 , F9 . 2) 
aaiisiMc.- ,45) 

45 fOaaATi.a ,13 (•-')) 

MBITS (MOOT, 17) 

MBITS (SCOT, 18) 

a STUBS 
390 

sossootise ascoss 

coeecs sim, sc3t,tz;:i( 30) , scaos, scsTs,.nna,JtSA 2 ,s?aoo,s:iaAL, 

1 CATS (20) ,ACQ (4,1 1) .aiCOST ( 4 , 1 1) ,TAX,FlZ2,AX,SAt7Al ,3CCCST,IAJ1CST, 
2siLs (13) ,pscjoi [ i ij , cisass( 2J,2S) ,s?cost (<o, ii),bpu2l,s2AZ37, 
3KOTHSa,CISC3T,ABa 
OXSESSICS SSiS2(30) 

BCCOST-O. 

BEAD (SIS, 5) S.M807SH, 38073, IISCST.OISaO 
S loaa AT(4I5,25.C) 

IS (9.25.0) 00 TO 151 
MBIT I (SO (IT, 1) 

1 rOBHAT (181,130 (•-')) 

mbixi (soot, 2) this 

2 FOBS AT ( 183,26X,80A1) 

MBITS (SCOT, 3) SC30S 

3 FOBaaT(1HO,45X,‘a2SSABCS AMO 027ZL02223T COST SU22A3T» ,2U, 

1 'BOS SC. ',14) 

MBITS (MOOT, 4) 32223 .CATS 

4 FOBS AT { 1H0, 19X , ' ( • ,25, • i ) • ,341 0 ATS • ,2 3 A 1 ) 

MBITS (MOOT, 6) M80723,MCSYS 

5 Sosa AI(iaO, 52 X,*M 0.1323 OF 5*0 7222CL23-' ,I3,25X, 'STSTZS FACSA02 HC 
1.M4) 

MBIT 2 (MOOT, 7) 

7 SOU AT ( 1H0 , 6 IX , • MAM-nCCS 1 ) 

TBITS (SCUT, 8) 

3 FOBS AT ( la ,3OX,'3AM-SC0aS» ,6X,'CC3PCSZT3' ,72,' BilAISC' ,72, 

1 'CC91BACTC? • ,7 X'TCTAi ') 

MBITS (NQOT, S) 

9 roaaAKia ,'r*o ccst zlsssht' , i 6 x ,* taas) * ,3x,’ satscs/ms) • , 

16X, ‘COSTS (i)» ,SX,' PROFIT (S) ' ,3X, • COST ( S) •) 

MBITS (SOOT, 10) 

13 F03SAI (1H ,16 (»-') ,14X,5 (10 (’-•) ,5Z) ) 

MaZTSlSOOT, 11) 

11 FOBflAI(1H ) 

S081-0. 

5052- C. 

5053- 0. 

SU34-C. 

00 12 1-1 ,M 

aSA0(SIS, 13) (SSAMS(J) ,2-1,30) ,3B.1AM , SAX’ ,3CC3T ,C.BC5 
13 roaiA'(3)Ai ,4rio.3) 


C-34 


soa i*saa uaaaAH 
SOU* 3082* accst 
i*insM*u:Hcos: 

FICF*A*C?BCF 
soas*3uaJ*?toF 
MOST* A*PBCF 
S0tt*«33a4*tC0St 

12 (BIIC I SCOT, 1«) (SSAflX(J) ,J*1,30),aa3A8,BATl,aCO3T,?aOl,:COST 
IX FQIS AT 1 1U0, 20A1, FI 3. 3,5X,f 10 . 2 ,3 ( 5X ,F 10. 3)) 

kbits (hoot, i«) 

13 FOISAtlia ,J0X,13 (• •') ,23X,3(13( , -‘) , 5X) ) 

K1XT1 (SOOT, 16) S03l,Sa32,SC3J,SOa4 

16 F088AT (130, 'TOTAIS' ,2uX,F10. 0, 23X, 3 (310. ),!X)> 

KBITS (SOOT, 17) 

17 /onaAttm *«(•-•)) 

lain i scat, 13) 

13 POMAT(IHO) 

KBITS (SCOT, 19) 

19 FOBS AT ( 13 , 130 ('-')} 

3031*0. 

i*MB CIS 
l*SU6«/i 
OO 20 I-1.HS3TS 
8-A* |1.*0ISSD) **I 

20 saai*soai*B 
oisbo«ioo. • orssa 

KBITS (HOOT, 21) 3IS33 ,"BDXB , SC3 1 

21 FOBS AT (ISO, 'PRES 2 ST • JLQ 2 CF 3*C COSTS AT ',?5.2,' I 3ISC3CHT ai 
1 AHD ICa *,IJ,' TUBS GF SCCA1 AHSOAt COSTS IS', FIS. 3,' i') 

A*SASCBT*SBQAI 

30C0ST*S0B1/A 

IA30aZ*A 

-.BITS (SCOT, 22) 30CCST , I ASC3T 

22 FOSaAT(taO,'B*0 AJOBUTATIOS PIS ST37 VSHICII I3',F7.2.' 5 FC3 • , 

iia,» KSHicirs') 

KBITS (HOOT, 13) 

KBITS (HOOT, 19] 

151 COHTIHQC 
SSTURH 
BH9 

SOBBOOTIHS PSOPOH 

C03SCH SC S, SCOT, TIT t: (83) , SC33S, UCSTS , MY 2 A3 , J? SAS, MPaO3,:iS0AI, 

1 CATS (20) ,AC2(X,1 1) ,3AC0ST (>• , |1) ,TAA,?AI2,Ai,SACVA1 .BCCCST.IACCST 

2 8X12 (10) , PBCPOt ( 1 1) ,CFMA3E(2J,;S) ,0?C05T (20, 1 1) , XFOZI.XailHT, 
JKOTH SB , DISCS T, AKO 

OiaSSSICH C ill) ,2(11), icon (13) ,3SAaS(33) 

CO 7C1 1*1,11 
C(I)*0. 

701 C(I) *C. 

DC 702 1*1,10 

702 icoa(l)«0. 

KBITS (HOOT , 1 ) 

1 roaaiTj lar, uo (•-•)) 

KBITS (HOOT, 2) 

2 FOBS AT (1 HO ,26 S ,30A 1 ) 

KBITS (BOUT, 3) JC3 0S 

3 FOBS AT (IrfO ,4oX , ' FSCPU ISICX STSTSi SAINTSSAHCS COSTS', 2IX, 

1'boh so.*, in) 

KBITS (HOOT ,4) ST SAC, CATS 

4 F0B3AT (1 HO ,59 X ,' (',15,' S )',JKX,'SAT! ',2-JAI) 


C-35 








«2AOlNI5I.S)H, (3X12 it) .2- 1 . tO> 

5 rcaaitiiitb) 
aairs tNC3?,6) acsts 

• fomatiimo, uxi.'STsna packags so.'.ii) 

SUITS (SCUT ,7) 

7 rOBSAT (1H0.30X.' SCH20iJL23 SAIN?*, 5X, •.ISAM TI12 TC 52 ?.\X*/'. 

1222, 'PASTS C03X/3AXST',3X.'lIPtXI:iS XCTAL') 

4IXT2 (SCUT, 3) 

3 POM AT ( IK .'COSPOSSST BASS' , 17X , 'XSTSmt (R1) • ,52,' SmACI/XSSP’C 
1XU1S) ' ,5X,'U3CS IATS(2/Hi) ' ,62, * IUTI37 AS (5) ' , 7* , • COST (■»)') 

A I XT 2 (BOUT, 9) 

9 POM AT ( 1H ,14('-M ,1«2,13('-’) ,5X,20('-') ,3i,16{'-') ,32, 

1 It (•-') ,32,14 (•-•)) 

'41 XT 2 |NOOT, 11) 
ii roasATiia > 

I3C3S-0 
CO 70 I»1, 10 
iscua-iscaa*s 22 s tt) 
xptx.iQ. i) teas 1 1 ) •mis in 

70 X? (I.GT. 1J2CU3 ll J-tCT 5 (X- 1) ♦8II.2 (X) 

CO 30 J* 1, 3 

3210 (313,31) (SS132 (K) ,.X* 1, 00) , HITS ST, ta!, 3 AT !.P A3T 

31 JOSS AI{30A1,21C,3f 10.0) 

I3T*X3T23T 

CO 32 2*1, 11 

32 C (5) *0. 

XPIIST.SS. ISC03) GO TO 110 
100 30 33 1-1,10 

if i xst. it. icon (X) ) c tz) *c (i) * (x::r«3A:r**AST) 
if list, is.iojsii) ) gc re 110 

33 CO3TIS02 

110 If (ZST.LT.IIC3S) IST-:ST*ISTT3T 
If (1ST. LI. I SCO 2) GC TC 100 
CO 34 1-1, 1C 

34 C (11)-C(11)»C(2) 

CO 35 X-1, 1 1 

35 3 (X) *3 (I) »C (I) 

3 0 4 3 IT! (soar . e6) IS.S1.12 (2) ,5*1,00) ,2 IITTCt 7 , 12 2t , S ATI , ? AST , C 1 1 1 ) 

36 f 0ISA1( ISO ,30 At , 32,17, 15X, ?7. 2, 17X, f7. X, i os, J7.2 ,1 0x,?3. 2) 

Will 2 (SOOT. 13) 

13 FOBS AT (130) 

4BXT2 (SCUT , 13 ) 
is foaa at t ia , no (•-•) ) 

30 50 X-1 . 10 

50 ICJ3 lU-OTIAa 1 
*aiTEt»CUT,i1) (XCC3 (I) ,2*1,10) 

51 FOBS AT (ISO ,JJ 1,10 (13,32) TCI AL') 

4BITl{5IOOT, !X) 

32 roaSAKIH ,321,11 (7('-'J, IX)) 

BBIT!(MOOT, 191) (1112 (t) ,2*1,10) ,ZSCD3 
191 fossil ( 13 0 , 'A3SCAI 2XL2AGS ' , 1 74 , 1 1 23) 

432X1 (SCOT , 192 ) 

191 POBS AT l 13 , 14('-') ) 

salts ( SCUT ,53) iOtl) ,2-1. 11) 

53 POBS AT ( 1 HO , 1 PSCPUL SK3 TOTAL SAX NT COSTS • , OX , 1 IF , X) 

38X1! (SOOT, f4> 

54 POBS AX |1H .03 (•-' 1 ) 

CO 63 1*1, 10 

63 JBOPOX ID-3 (2) 

C( 1 1) *0. 


30 69 >1,10 

0{I) ■B(S)/((1.*0XSCXt)«*t) 

60 0{11)*0(11) ♦0(1) 

1 * 100 . •siscbt 

UltTt (SCOT, 6 1)1. (3(1) ,1*1,11) 

61 poaait nao.'fasass? 7AL3E c,r6.2,’ s )',6x, n?a.2) 
aim (HoaT,e 2 ) 

62 POIBlt ( IS , 13 {*-•) ) 

31X11(3001,18) 
aim (soot, 19) 
man 

no 

sancotzsc etc css 

C0B308 BIB, SOOT, tilts (80) ,301(23 ,S03TS ,31111 , JtSIS, SS8CC, 330 11, 

ions (20) ,ics (4,11) , sices? (4, 1 1 ) ,t«, faxs, iT.suTii.aacosi.ixscs 

2S US (10) , PBOPCL (11) ,0P3AJ2 (20,25) ,CPCCST (29 , 1 1) , FFUSi, X8AIST. 
3KOXIEI, 3XSC3T, ABO 

czasssios ix sa (10) , oaxti (2Q,tO) ,cssssi(2o ,10) ,aat?2(20 ,ioj , 
noio ( 20 ) ,o(ii) ,saes(ii) ,sos?(ii) 

CO 701 1*1,11 

c(D *o. 

S0BP (I)*0. 

7 Cl S08t(I)«0. 

VIST 2 (BOOT, 1) 

1 20I31X (1B1 ,130 (•-•) ) 

■mritBoot, 2 ) tuts 

2 Fcaail( ISO, 261 , 8011 ) 

BUTS (BOOT ,3) KC50S 

3 ?OB31T(1HO,53X, 'TOTAL OPE 3 ATI SG COSTS • ,291, '303 SC. *,14) 

ants (scat, ») sxzis,oats 

4 JOBS It (130,591,* (' ,15,' 5 )',J4X,'DATS ’,2011) 

Blits (HOOT,!) SOSTS 

5 FOBS At (ISO, 1031, 'S1STZS PACKAGE BO. • , £4) 

CO 6 1*1, 10 

6 IKES (I)*JTZA34l-1 
aiIIE(SOOt,7) (1X23 (I) ,1*1,10) 

7 f CBSAT ( 1H0 ,301 ,' r J Sit COST' ,122,10(13 ,21) , 1 X, ' tCt At' ) 
aim (scot, aj 

3 Foasitpa ,30x,9('-'j ,nx,iaiix,S{’-') > ,ix,7 (•-•)) 

BUTS (SCUT, 9) 

9 FOBS It ( 1 S ) 

3213 (HIS, 59) XF0Et,X3AX3T,rCtaSS 
99 FOBB1T (315 ) 

1311 5*0 
00 98 1*1,10 
93 13112*1311 143 ItS (I) 

BBIT2 (SCOT, 12) (BUS (T) ,1-1, 10) ,13112 
12 FOBS AT ( ISO, • ANNUAL 3I12AGS • ,26X , • K2» , 3X, 1 0 (16 , 1 X) ,17) 

00 10 I*1,«FU2t 

B210(BIS, 11) (0PKA3E (I,J) ,J*1,2S) , (0BIT1 (I ,J) ,J*1 ,10) 

1210 (BIS, 13) (2BESCT (1,0) ,J«1, 13), (011112 (I,J) , J- 1 ,10) ,iCA3 (Z) 

11 FOBB1T (2511 ,10 A1) 

12 FOBS AT (1025. 3, 101 1,210.0) 

13 BIIZ2 (SCOT, 14) (CP5A3E (1,J) ,J* 1,25) , (OB It 1 (I,J) ,J*1, 12) , 

1 (ES2BGT (I,J) ,J*1, 10) 

14 FOBS AT ( 1B0, 25A 1, 153, 1 C A 1 ,1377.3) 

V BITE (SCOT, 15) 

15 FOES At ( 1B0 , *0? S3 A1X3G COSTS') 
a BITS (SCOT, 16) 

16 I0B3AT (IB ,15 (•-•)) 


' K* 

' if 


'mni 

r(K‘,n 


Pag* 
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mis (soot,?) 

iU?£ (SCOT , 17 ) 

17 f08aiS(1HO. , S£Uflt , ) 

C KF021-1 saccu 21 THE J2taCI20« Siti 
CO 18 x-i.xfus:. 

0 (11 )*0. 

CO IS 3*1,10 

*•5 8 2 SOT (Z ,3)/iCAC (X) 

(•tiuci 

0 

OPCOST <I,4)«Q <J) 

IS 9(11)*0(11) *0(4) 

00 920 J-1,11 

soas(J) »soa?(j) *c(j) 

923 S03T (J)-STiaX (J)*C (J) 

18 8aiXS(30CX,2C) (0PSIA3S (1,3) ,J*1,25) ,3GAD tX) , (C3IX2 (1,2) ,3*1 , 13) , 
1(0(3) ,2*1,11) 

23 FOaaAlliaO,5X,25A1,F9,5,1X,13Al, 13F7. 1.E8. 1) 

aa2X5(aoux,2i) (soap (3) ,o«i ,ii) 

21 pcaaAi(iao,iox,'TcxAt rssacx costs •, 222 . i«7. i,?s. n 

WIXS (SOOT, 9) 

8 BIX! (SCOT, 22) 

22 ?OBBATl1sa,*aAISTESAaCS la: 3ISAI5*) 

ss»o. 

30 23 1-1,11 
S03P (I) -0. 

soap id-sosp (i)*jsc?oi(i) 
ss»ss»pso?oL(r) 

23 SQ3T IX) -SUST (X ) ♦ F3C50 1 (I) 

salts (soot, 24) (pactoi. ;i) ,i*i,ioj,ss 

24 foaaAT(iao,5i, »f3cfoisics sisrar. 3 ai:ix', ax,’-* , i«x. I3F7. i,?s. m 
CO 2* X*1,X2A1ST 

I1-KF 021*1 

3230(3X0,26) (0?3 ASS (X 1 r 2) ,3-1.25) ,30A3(X) , (0SIT1 (2,3) *2-1,10) 

26 FQa3AI(25A1 ,210.2,13 A1) 

C(11)«0. 

CO 27 3*1, 1C 
A* 31 12 |J) 

0(3) -BC10{X)-A 
0PC0S1(I1 ,3) *0 (3) 

27 0(11 )-0 (11) *0 (3) 

CO 28 J«1, 11 

S03X (JJ-502T U)*: 13) 

:a soap(j)-soa?(j)*s(j) 

23 aartz (Scot, 23 ) (CCS AS 2 (XI ,J) ,3* 1, 25) , 30*3{X) , (XOITI (X,J) ,3*1, > 3) , 

1 |0 (J ) ,J* 1,11) 

S03P ( 1 1) -SOI? ( 11) *SS 

aaixs (»cox,29) (so*? (j) ,j*i , t n 

29 20 S3 AX.( 180, 10X TOTAL 3*3 CCSXS* ,25X , 1 C?7 . 1 , 23 . 1) 

Sail! (SCOT, 9) 

saix I (3001,30) 

30 FOBS AT ( 130, '3*1X12 l 3Z31XCZX23V) 

as- o . 

CO 7*11 X-1, 10 

711 5S*S!*31CCST (1 ,1) 

38XTE (t/OOX , 3 1) AX 3 , (3ACCST (1 ,1) ,X-1 ,10) ,55 

31 F0aSAl(iay,SX,'?L T 3CaASE F3XCS (', ?6. 1 , ' S) * .2W.1327. 1,23. 1) 

JS-O. 

CO 7 12 I- 1 , 1 J 

712 SS-SS*6 A2CST (2 ,t) 


tax-tax* ioo. 

•BITS (SCOT, 33) TAX. (8ACCST (2,1) ,X«1,13) ,35 

33 PomToao.sx.'SAtxs nxts ( • ,rs. 2. » s ) *,23x, io?7. i.y 
bs*o. 

00 713 X*1,10 

713 $S*33*6AC0SI (3,1) 

PAXX»100. -PAIZ 
UMT 

IKXSS |SCUT,32)?AI2,XAT, (8ACCST (3, I) »I* 1* 10), S3 
32 P08aAt(iaO,3X,‘XaiSBXJT(»,P5.2,*X AT*, 13, • aCS)',19X,> 
33 * 0 . 

DO 714 1*1,10 

714 13*S3*BAC0ST(4,X) 

SAIU1-100. *341741 

BBXXt (BOOT, 34) SAXYA1, t34COSt (4,1) ,Z«1,10) ,33 

34 FOBS AX ( 1HC, 5X , *34X7412 X VAXOS (' ,13.2, • 3 ) • ,21 X, 10P7. 1 
30 3S 3*1,11 

3039 (3) *0. 

30 335 R*1,4 

3039 (3) *3039 ( J) *840037 (3,3) 

335 SaaT(J)*SC3t(J)*SACCST(R,3) 

35 C0BTX30X 
33*3. 

CO 7X7 X«1,10 
727 S3*SS*SQ39 (X) 

BBXXt (SQQT, 36) (SOS? (3) ,3*1,10) ,SS 

36 PO»aAX(iaO,1JX,*TCTAL SAX ;m CCSTS' , 23/, 1097. 1,P9. 1) 
atxxxjsooT.S) 

00 41 3*1, 1 1 

41 SQB9 |0)»0. 

HBXX S (SOOT, 37) 

37 P0B8A1 |1B0,'CTR2S C923ATISG CCSTS*) 
co 3« x*i,xctasa 

1 i*R? exx* xa Ain* x 

BIAS (3X5, 26) (093 ASS (X 1 , J) ,3*1,25) ,S0A3(£) ,(03X11 (1,3) , 

0 ( 11 )* 0 . 

CO 39 3*1,13 
A*ailS(3> 

0 (3)*RCAD (I) *4 
0903 SX (X1,3)*0 (3) 

39 0(11) *0(11) *0 (3) 

OO 40 3*1,11 
saa9(3)«soa?(j) *o (3) 

40 SOB! (3)-S0aH3)*C 13) 

36 4BITI (BOUT, 20) (099AaX (X 1 ,3) ,3*1 ,25) ,SCA3 (X) , [03XX1 (X ,J 
1 (0(3) ,3*1,11) 

BBXTX INCUT, 338) (S03P ( J) ,3* 1, 1 1) 
uax;*(MO UT, 42) 

338 ro8aAi(iao,ioi,'TCTAt crass cs ccsts* , :ox, io?7. j,?*. i) 

42 ?083Ar|ia ,SCX,1C(1X, 6 (•-•)} ,1Z,7('-‘)) 
aaiTE(scoT,43) (soar (X)v i* 1 , 11 ) 

43 POS3J.T 1 1 BO , 1 tCTAX C9S8ATXSG CCSTS ',292, 10 97. 1,73.1) 

• BITS (SOOT, 44) 

44 FOIBAT (1H ,21 (•-•)) 

C 9B5SZST TAZ.0! CAXCOUTICHS 
00 45 1*1,11 

45 soar (X)*soai(i)/((i.*oiscsi) **i) 

A* OX SCI1-133. 

aim isoot, 4 0 )A, (seal (i) ,x*i, ii) 

46 posa A1(iau, 'PBJSrST VALOS CP5.2,' * ) ',26l,13?7.1,?a. 


8 . 1 ) 


3 ? 7 . 1 , 93 . 1 ) 


,P3. 1) 


3 * 1 , 10 ) 


, 3 * 1 , 13 ) , 
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BEITS (SC3t, 47) 

47 70aai:t1B ,'3|'*')) 

BIITl(SODT,«8) 

48 ?oasAi nuo) 
mbit: (soot, «9) 

49 roaaiT iia ,uo 
aims 

sao 

soaaootiaz lcccsi 

coaac* mis, scot. tit is <80) , scsos, scsTS,sT24H,j*2Aa,sp::oD,3!icii. 

1QAX2 ( 20) ,102(4,11) ,3ACCSt (4 , 1 1) ,TAX,?A22, A2.3AIVA1 ,3CCCST, XA8CS? , 
28X18 (10) ,?ac?ai(1 1) .CPSA8S (23,25) , OPCCST ( 20 , 11 ) , XrJ2L,XSA2ST, 
2XOTHS1, CXSCST.AXO 

oxssasxca rasa d i) ,saaicc(i i) ,sca?( 1 1 ) 

co * c i x»i, 11 

soaxccin-o. 

7C1 S02P(I)«0. 

iiBITE (SCO?, 1) 

1 foaa at ( iai, 103 (•-•)) 

.ait: (sect ,2) tins 

2 roaaAT(lo0,26X,30A 1) 
a ait: (hoot, 2) soaos 

3 roaaAt (1 ho,44X,*?3sssst taloi c? tetai :u! or cl: costs*. ::x, 

1'SOM MO.', 14) 

aaits (scat, 4) sisab.cai: 

4 fOaaAl (1 33 , 59X,' (* ,15.' S ) »,34X, 'CATS ',20A1) 

A-CISCST’IOC. 

iBITS IHCOT ,5) A ,SCSTS 

5 ?caa At(iao,54x,’aiscoast eats*' ,?s. 2, • s'.sax.'ststza pacxag: sc.' 

1,X4) 

CO 6 1*1,11 

6 1 X 23 (I)»JISAa*I-1 
#aiTS(SOO?,7) (1X23(1) ,1*1,1 1) 

7 yoaan iiao ,3ix ,• :/xa* ,2x, 11 (is,2X) , iz, • total' , u,* 5 or lcc*j 
aart: iscot.a) 

a roaeAt(ia ,30i,i2(6('-'} ,ii) ,7f-'} ,u,a (•-•)) 
taxtr-o. 
co 9 x*i, ic 
a -axis id 
9 tan.i«TaxL**A 

!l*XPC2lH<SAIST»|tCT323 
CO 10 1*1,4 
30 11 J*1 ,1 1 

SACOST (X, J) * BA CO St (I , J) / ( ( 1 . *DX SC ST) **0) 

1 1 AC3(X,J)»AC; |I ,J)/ ((1. *CISCSt) 

13 COMTI30E 

DO 12 0*1,11 

12 PSCPOL(J) *P 30? CL (0)/((1. *01 SC HT) ••J) 

DO 13 1*1,31 

CO 14 J*1, 1 1 

14 OPCOST |I,J)*CPCCST (X,J)/ ({ 1. .CISCST) ■•-*) 

13 COMtIMOt 
SU9LCC (1 )»33CCST 
CO 1! 1*1,4 

DO 16 J-1 ,1 1 

is saatcc(j)*scaLcc(j) *(3 accs: (i ,j> *acc (i ,.i) j 

15 COMTXKOE 

oo 17 :*i,si 

CO 18 J* 1, 1 1 

ia soaLcc (j)»suaLCc u) »c*cc3t c,j) 
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i? costzsqi 

90 19 2-1,11 

19 SUSiCCd) -SUSICC (I) *9*0931(2) 

KR1W. 

CO 20 2-1,11 

20 fCST89-fCKa7*S0aiCC{I) 

iimiiwoT,ii) 

21 FQBSA1 (1* ) 

3122 2 (9007, 22) 

22 rOUAX(1BO,UCC3I12:ZC2 COSTS') 

as«o. 

CO 24 2-1,11 
29 SS-SSMCQ (1 .1) 
spss-ss/Taxx* 

IEBC-S3-100./SCHTH7 

38 XT 2 (SOOT, 22) S921, (ACa(1,2) ,2-1,11) ,SS,P*B C 
22 FOBS AT (ISO ,4X, 'P9BC3ASS i*XCI' , 1 1X, F7. 5, 1 1f 7. 1,Ft. 1, 2X,F6. 2) 
SS-O. 

90 25 2-1.11 

25 SS-SS-ACQ 12,2) 

SPS8-S3/TSIIS 

9SBC-SS-100./PCSTHB 

HITS (SCOT ,25 ) SPSS , (ACC (2, 2) , X- 1 , 11) ,SS,?EaC 

26 FOBS AT { 1H0, 42, 1 SALTS U IBS' ,14X,F7. 5, 1 1F7. 1 ,?8. 1 ,22, ?6. 2) 

ss-o. 

DO 27 2-1,11 

27 SS-SS*ACa(2,l) 

SPSS- SS/T SIX* 

PEic-ss-ico./paxai 

BUT* (3C0T.23) SPSS, (ACC (3, X) , 2- 1, 1 1) ,SS,?!3C 

28 FOBS AT (ISO, 4X,' XBISSS ST* ,17 2 ,F7.5 , 1 1*7. 1 ,F3. 1 ,22 ,?6. 2) 

SS-O. 

CO 29 2-1,11 

29 S3-SS+ACQ (4 ,2) 

SPE1-1SS (S3/T2HS) 

9E8C-AE5 (SS-100./SC3TH7) 

3B2TS (BOUT, 20) SPSS, (ACa(4,I) ,2-1,11) ,SS,!ZSC 
33 FOBS AT ( 1H0, 4X, 'SAX7AQ2 VA1G2 CF 7*22012* , IX, F7 .5 ,1 1F7, 1 ,F3. 1 ,22, 
1*6,2) 

CO 31 X-1,4 
00 32 3-1,11 

22 SOSPIJ)-SOSP(J) -ACatl.J) 

31 COBTIJOZ 

SS-O. 

DO 33 2-1,11 

33 SS-SS*SCS9(I) 

SPZS-SS/TSIIZ 
PiBC— S3* 100./PC3TB1 

I82TS (SCOT, 34) SPSS, (S3S9(2) ,2-1, 1 1) ,SS,PXSC 

34 FOBSAT(1BO, 'TOTAL ACOCXSXTICS CCST • ,72 ,?7.5, 1 1 f7. 1 ,M. 1 ,2*,f 6. 2) 
B BITE (SCOT, 21) 

* BIT* (SOOT, 33) 

23 FOBS AT ( 180, '0PS3ATX3G COSTS') 

B1ZTE (SCOT, 39) 

39 FOBS AT (ISO, 2X, 'SBI3ST COSTS') 

CO 40 Z-I.SFQSL 
SS-O. 

CO 41 J-1,11 
SOS 9 (-)-O. 

41 SS-SS*O9C0ST (T,J) 
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SPIB-SS/TBUl 

PUCMMOS./KHUT 

X?(X.tC.1)PBTIf-$S 

40 at ni i»o or, »2) (OPSAax tx,J) ,>i,2S) ,st22, tctccsT(x,j) ,> 1,1 1) , 
iu,mc 

42 7013 67(180, 4X, 2561,77.3, 1177. 1,78. 1,21,76. 2) 

CO HI 2-1,27021 

ao 4» > 1,11 

44 soar (J) -SMS (J) *OPCOST (X ,1) 

41 CQBTXIQZ 
ss-o. 

DO «5 1-1,11 

45 SMMCUC) 

S7E1-SS/T3XXX 

PUC-SS-IOO./paTH 

III II I8C0T ,i»4)3?si, (SOBS (I) ,i«i, ii) ,ss,?ssc 

46 7013 AT ( 1H0,2X, 'TOTAL 2SS3GI COST* ,10X,/7 5,1177. 1,F8. 1 ,22,76.2) 

(1X72(3033,21) 

3-«f0Il*1 
»1«m»MCatX3T 
B1XTZ (SCOT ,15) 

35 70BHAT <iaO,2X,*aiIW2USC2 * B2PAIS COSTS') 

SS-O. 

DO 34 1-1,11 
30B? (X) -P3QPQL (X) 

36 IS— S3* SSOPQI (I) 

spsa-ss/tans 

P ESC- 13*100./ SC3TS7 

3gXSZ(VOUT,37) SPSS, (P2CP0L (X) ,2-1,11) ,SS,«!3C 
17 7083A1 (1U0 ,41, 'PBCPOL5XC3 StSTtB 8AX3T’, 2X.77. 5. 1171. 1,78. 1,2X, 
116.2) 

DO 50 X-S, 3 1 
SS-O. 

DO 51 J-1, 11 
51 SS-SS*CJCCST(2,J) 

spa*!S/t:r.! 

PE8C-S3-100./PC3TS7 

so aim (soot, 42) (omun,j) ,>i,2S) ,s?sa, (ciccstc,J) ,>i,ii),3s, 
IPS sc 

CO S3 X-S, SI 
DO 54 >1,11 

54 soap (j) -sea? (j) *cpcas*(t,j) 

53 COSTXXUX 

ss-o. 

DO 55 X-1,11 

55 ss-ss*scap(l) 

S7BS— S3/TBX12 
7UC-SS-100./PC3IH7 

•SITE (SCOT, 56) SPZB, (S3SP(X) ,1- 1, 1 1) ,SS,?ESC 

56 FOSS AT (1H0,2X, 'TOTAL 3AXST * BSPlIl COST ', 22,77. 5, ll?7. 1, *3. 1 . 
122,76*2) 

83X32 IBGQT ,21 ) 

8BITS (SOOT, 57) 

57 7OB3AT11H0 ,2X,'BAT7IST 32PUCTST3T COSTS') 

SS-O. 

DO 60 X-1,11 

sons (i) -o. 

60 SS-SS+BACCST (1 ,£) 

SP2B-SS/TSXLS 

728C-SJ*100./fC3TH7 













MZti(8007,6i)s»a, (iacc3T<i,d ,m,id ,3s,;zic 

61 7qiba 7{ iH0,4x,‘iAtti*i 30ic«A3Z 3i:cr',3x,77. 5 , 1177 . 1 , 7 a. 1 , 22 , 76.2 
i) 

sb*o. 

30 63 1*1,11 

63 U>SJ«liC0Slf2,I) 
sm«»/ttxu 

fllC* 33 • 100 •/ PCS 217 

11X72 (8007 ,64) 3311, (3ACC3X (2,1) ,1-1, 11) ,3S,3IKC 

64 yoiaat(no,4x,'ui*3 n«3' , 142 , 77 . 3 , 1137 . 1 , 78. i,2x, 76. 2) 

33*0. 

CO <2 1*1,11 

62 33*SS*IACGSX (3,2) 

37 21 *33/73212 
311C*SS*109./SC37HT 

ilIXt (BOOT, 663) 3321, (3AC03T (3,1) ,2*1,11) ,S3,IZtC 
33*0. 

CO 65 1*1,11 

65 S3«S3+IACQSX (4 ,2) 

3V U ■ A 13 ( 33/72 IL2) 

31 !C*A13(3S a 103./tC3T3V) 

312X3 (8007,66)3311, (3 AC CSX (4,2) ,2*1, 1 1) ,33,? SIC 

66 ?Oa3AT{1RO,4X,'SiIVAGZ UlOf* ,121,37.5,1 1f7. 1 ,78. 1 ,2X,76. 2) 

663 708SAX (180, 4X, *18721237’ ,172,77. 5, 11X7.1,18. 1,:2,f6.I) 

CO 67 2*1,4 
00 68 >1,11 

68 30BP{J)*SflS3(J)*aAC032(Z,J) 

67 CC8TZX02 
33*0. 

OC 69 2*1,11 

69 SS*S3*SC3P(Z) 

338 3*33/7 8X12 

7 C1C *33* 100./7C3T81 

BIZT2 (SCOT, 70)3321, (30.13 (I) , I- 1, 11) ,3S,723C 

70 fOlS AI{ 180, 2X, *70Tli 3AT723I SSPt COST*, 4X, 77.5, 1177. 1,73. 1,2X, 
176.2) 

312X1 (SOOT, 21) 

312X1(8007,71) 

71 roaaAX(1BO,2X,*07S2a C7E2AXX3C COSTS* ) 

9*8 1 ♦ 1 

00 72 2*8,31 
33*0. 

OO 73 >1,11 
30.13 (J) *0. 

73 SS*S3+C3C8S7 (X ,J) 

3321*33/7221.2 
721C*2S* I00./7CS7HV 

72 31X72(8007,42) (0386.12(2, J) ,J-1,2S) ,3323,(C3CCS7(I,J) ,3*1,1 1) ,33, 

mac • 

CO 74 2-8,21 
00 75 >1,11 

75 3083 (J) *3083 (J) *03C03I (I ,J) 

74 COX7XXOB 
33*0. 

00 76 2*1,11 

76 33*33*3033 ( X) 

3728*33/7.12)2 

3X1C*SS*100./3C3I81 

61Z7Z (8007,77) S72S, (3083 (2) ,2*1, 1 1) ,SS,?CSC 

77 7013 A7( 1H0,2X,*7C7A) 01823 C323ATXS3 CC37 • ,U,77 .5 , 1 177. 1, f 3. 1 , 


origiml page , s 

0F poor 


I 
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DO DO r*i,n 

id raf(i)*tnmii) 
do 11 x*i,* 
co 12 J<i,n 

•2 2oa»i2)«soi>iJ)«iicest(X*j) 
ii coatxioi 

DO 12 1*1,11 
DO M J*1, 11 

«* soa><j)«saiiu«»eiceft(X»9) 

11 eoifzsos 

co as x*i, n 

•S IMMOUU) 
i»<t*«i/taxi2 
fiic*fi*ioo./icaxiv 

*lXXZ(lO0t,e«) 4»S1,£SM»(I) ,X»1 ,1 1) ,11, MIC 
(ft roiaittiio.'toxM ctmcxto ces?‘,9x,77.s, ii?7.i,7i.i,2x,7i,2) 

X» (1CCO1X.ZQ.0.) 90 to SS9 
88XXS(I0BX, 21) 

DO S«0 >1,11 
510 1087 (!) *0. 

(Stf |1)*IDCCSt 

19ZS-ICC01T/T31LS 

niC*IOC097*100./ICSflT 

vixxt (loot, i?) xxaoii, imi, ( seal (t) ,x*i,ii) .ixesuuc 
17 7Q«aM(iao,'**c ccax aaoix c»,i7,' »*a> • , 11 , 77 . 5 , 1177 . i,/s. i,2x, 
176.2) 

559 »Kl(»n,(l) 

12 F01IU1I1I ,J7Z,1 1 «•(•-»), IX) ,7 (•-«)# 

1**0. 

DO 19 X*1.11 

19 is*ss*iaatcc(X) 
mt*is/xaxix 

Mac* 109. 

■1XXZ (SCOT .90) If SI, (S3JICC (X) , X* 1, 11) ,11. IIBC 

90 70ia*x(iao,*?i2*zit mas cr toxit tcc»,J!,77.s,nr7.i,7i. i,xx, 
17C.2) 

1IXTI ISO OX. 91) 

91 70*411(1*0, 130 (•- •) ) 

c ‘ ms xs icc iso fzncxssa ccsxs roa :c; 

1XAS;IX3,92) fCCXCX.fSXXCS 
$2 70*3X1 12710.3) 

«mi*MXXCX-?ITS1 

COST* 1*C1XH1-7*T87) -(ICCXCl-JITXCX) 

ISIZX*fISZF-C01X 

inn nooT,93) mxcx,msi,imr 

93 70«aiX(180,*lX*SfIX ?SS 1X81 ••,79.2,' - ',79.2,' » ',r9.2) 

iuxx (icox ,»») icixii.mirr ,f ccxcx. fixxct, cssx 
9« 7oia*xn»Q,'coax 07 icciaxsc this izisrxx r» its t * r,?9.2, 

1* - ' .79.2, • ) - {•,79.2,* - ',79.2,* ) - *,79.2) 

18XXZ (ICOX, 95) IZ9ZX 

95 7Oia*X(180,*lZX IZlSfXX 72 B 1X81 •' ,T 9.2) 
fIXXZ (ICOX ,9 1) 

I not* 

ZI0 

//IKZ9.1TSX20C 99 OSXX* 3320, 10>SZ2>3X:XB2 , 9I37- { Sli ,C1T ’.0) , 

// 9S* a *1l. 51*739.301*203. ICCtll (LCC) ,3?KZ« (X3R, {23, 20, 1) ,3tiX) 


INPUT DATA FOR THE REFERENCE 
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INPUT DATA FOR THE BASELINE 
NTHV IN MISSION A 




700 
300 
900 
1000 
1100 
1200 
1300 
1400 
1300 
1600 
1700 
1800 
1900 
2000 
2100 
2200 
2300 
2400 
2500 
2 600 
2700 
2800 
2900 
3000 
3100 
3200 
3300 


JPL NCAA TEAM HY8AID PASSENGER VEHICLE DEVELOPMENT PROGRAM -PH A S E I 


1 


1978 


21 


FRAME AND BOOT STAUCTUAE 

REMOVABLE PANELS 

BASK BOOT 

SUSPENSION SYSTEM 

8 A AK E SYSTEM 

STEEPING STSTEM 

TIDES 

WHEELS 

AESTAA INTS 

A I A CONDITIONING 

TRANSMISSION 

DAIVE SYSTEM 

HEAT ENGINE 

MOTOR 

CONTAOLLEA 

CHAAGEA 

BA TTERY # 72V, LEAD/ACID 
POWER HARNESS 
BATTERY TRAY 
MICROPROCESSOR, SENSORS 
VEHICLE ASSEMBLY 
MARK-UP FACTOR 
0.05 0.12 48. 

BATTERY REPLACEMENT OEM COST 


298.0 
124.6 

170.0 
78.4 

88.3 

27.3 

63.0 

45.4 

14.2 

22.3 

54.5 
61 .9 
118.2 
56.8 

5.0 
5 .0 
336.4 
22.7 
34 .1 

17.0 


0.05 

336.4 


1985 

1 .1 8008*00 
6.0600E+00 
2.38008*00 
1 .74001*00 
1 .81 008*00 
4 .67008*00 
1 .46008*00 
1 .11008*00 
5.20008*00 
1 .188 08*01 
1 .72008*00 
2 .1 400E*00 
1 . 61 00E*00 
3 .95008*00 
2.66008*01 
1 .06408*01 
1 87008*00 
2.70008*00 
2.38008*00 
7.06008*00 
1 .60008-01 
2.00008*00 
0.02 

1 .87008*00 


100000 MARCH 


MARCH 1979 
28 1979 


S/KG 

S/KG 

S/KG 

S/KG 

S/KG 

S/KG 

S/KG 

S/KG 

S/KG 

S/KG 

S/KG 

S/KG 

S/KG 

S/KG 

S/KW 

S/KW 

S/KG 

S/KG 

S/KG 

S/KG 

S/KG 


3400 

BATTERY PARK-UP FACTOR 

2.74 2.0000E+00 



3500 

0.05 0.12 26.0 

0.10 



3600 

3 5 6 5 0.1 




3700 

PHASE I PROG»AP 

48000. 30.0 

o. 

0.1 

3800 

PHASE II PROGRAP 

800000. 23.0 

0. 

o.i 

3900 

PANUFACTURE OF RtD PROTOTYPES 

300000. 

0.1 

4000 

6 29000 24300 21370 

19640 18190 16900 15780 

14810 14000 

13360 

4100 

HEAT ENGINE 

48000 3.0 

16. 

25. 

4200 

POTOR 

40000 1 .0 

16. 

15. 

4300 

GEARBOX 

80000 2.0 

16. 

30. 

4400 

CONTROLLER 

160000 1.0 

16. 

20. 

4500 

BATTERY CHARGER 

160000 1 .0 

16. 

20. 

4600 

BATTERY 

2000 0.23 

16. 

0.2 

4700 

2 1 5 




48C0 

0 IE S EL FUEL 

S/LITER 



4900 

.235 .242 .249 .256 .263 

.270 .273 .275 .278 .280 

KM/L ITER 

34.42 

5000 

electricity 

S/KWHR 



5100 

.0420.0426.0432.0438 .0444 

.0450.0456.0462 .0468 .Q474KP/KJHR 

5.77 

5200 

REPAIRS 

0.0077 $/KP 



5 300 

TIRE REPL EVERT 30000 KP 

0.0023 J/KH 



5400 

insurance 

0.0099 S/KP 



3500 

ANNUAL REG. AND LICENSE 

0.0018 S/KN 



5600 

ACCESSORIES 

0.0019 8/KP 



5 700 

GARAGING, PARKING. TOLLS 

0.0132 S/KP 



5800 

19927.82 A378.31 





1 . 
2 . 
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APPENDIX D 


OPSTRAT 


The data in Section 11 were obtained from two computer programs: 
CARSIM (a detailed simulation routine in which the hybrid's per- 
formance is assessed each second of a driving cycle) and OPSTRAT. 

OPSTRAT produces information about the hybrid's expected fuel 
consumption over a range of distances. Its results are based on 
five factors: the probability density of the instantaneous power 

required to propel a vehicle over a driving cycle, the power 
demands of accessories, the rate of petroleum consumption as a 
function of power, the rate of battery consumption as a function 
of power, and the vehicle's mean speed. Predictions from CARSIM 
and OPSTRAT correlate well, which makes the combination of their 
results possible. A listing of OPSTRAT is provided at the end of 
this appendix. 

The theory underlying OPSTRAT is fairly straightforward. Let 
AS (p ) and 2. (p) represent the motor's battery consumption rate over 
power and the diesel's petroleum consumption rate over power, 
respectively. Actual relations for a 48.5 kW diesel and a 24 kW 
motor are shown in Figures D-l and D-2. Let f(p) be the density 
of the power output required for a driving cycle. Figures D-3 
and D-4 are histograms of such densities for the FUDC and FHDC , 
respectively. Then the expected rate of petroleum consumption 
(in units of volume per unit time) is given by 


EU/hr) 


■/ 


max 


f(p) l (p) dp 


or 


n 


E (2/hr) = ^ P(p i ) MpJ 


for discrete data. Here, P(p.) is the probability of power p. 
Similarly, the expected battery consumption rate is 
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Figure D-l. Petroleum Consumption Over Diesel 
Power Output: 48.5 kW Diesel 
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• •Ill 

o 5 10 15 20 

MOTOR POWER (kW) 

Figure D-2. AS/hr Over Motor Power: 

24 kW Motor 
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50.09 


•lO IL SO 



Figure D-3. Distribution of Power: FUDC 


PROBABILITY (%) 



KILOWATTS 

Figure D-4. Distribution of Power: FHDC 
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E (AS/hr) 


f(p) AS (p) dp 



n 

- £ P( Pi ) AS( Pi ) . 


Dividing such consumption rates by mean velocity* produces new 
rates in units of consumption per unit distance. 

OPSTRAT will be expanded to model the effects of strategies other 
than electric topped by diesel. 


*"Mean velocity" here is the total distance traveled divided by 
the time spent in positive, rather than positive and negative, 
power requirements. The mean velocities for the FUDC and FHDC 
are 40 and 85 km/hr, respectively. 
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OPSTRAT PROGRAM LISTING 
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C • 

C • Oropraa to tvaluatt ootraf.anal ttrattftt ualftf o aovtr 
C • dtnaity iMfiicH. 

C • 

C • 

C • 

c 

rool f ( 20 ) , of ( 20 ) # a ( ( 20 ) , pt( 20 ), »( 20 ), oa( 20 ) r topi.Q) 
root f« ( 20 ) 0 of t ( 20 ) , f a ( 20 ) # ofo( 20 ) 
characttr «10 flit, f 1 lout 
C 

data 1 y/ # y # / 

c 

1 faraat (S# 10 a,a) 

2 faroat(alO) 

3 foraat (////Sa # • •! dltchargt oceura af,f 0 . 1 , # mioaitrt; 1 , 
lf|. 2 ,‘ llttrg art congyatd* ' // //) 

0 foraat( 22 i, *k 1 laatt art • # 9 * # *Mttrg # //) 

0 foraat( 20 a,M 0 . 1 , 9 i,f«. 2 ) 

7 faraat(al) 

C 

• print 1 , •data flit?* 
rtad 2 , flla 
C 

print ^ 0 'output flit?* 
rtad 2 , f 1 (out 
C 

opt«(naat«fUt # gn 1 t» 1 # tyot«'owd') 
optn(nia«af 1 (out# unU« 2 , tyat«'nt«') 

C 

c ••• 
c • 

C • Itro aut aat* 1 cta« 

C • 

c ••• 
c 

do S 1 » 1 ,20 
f( 1 )- 0 . 
pf C 1 )» 0 . 

■ U1)»C. 

|l( 1 )> 0 . 

• ( 1 )«0 • 

Pt( 1 )« 0 . 

ft( 1 )« 0 . 

pft(D« 0 . 

fa(1)«0. 

pfa< 1 )* 0 . 

ton < 0 * 0 . 

5 cont 1 nut 
C 

c ••• 


• tad In data off of flit. 

• • 


UV/t 


or 


Pr 


'■ L 


- ; C/? 


Quality 


D-9 



I 


c 


c 




e 






c 

c 


<i,«) 
'tu (i,*) 
*9»4 (1,0 

< 1,0 


< 1,0 
f»4 <1,0 

r»»4 <1,0 
*••« (1,*) 
r»a« <1,0 

• •• 


"fl 

Cpldl, 1*1, npl) 

(aid. 1 # 1*1 #*01) 

noa 


(0t<1) # ‘a1,npl) 

<a<1>, 1*1,noa> 

f> 0 f 

< 0 fd) # •• 1 ,npf> 
Cfd), t* 1 ,noM 




Inf orapt «on. 


print 1, *••■1 
rate ♦, omx 


or In t 1 # ••« 

reed * # aace 


?• 


• •• 


• Sh«ft the power penalty "pace** 




kl low* tta to the r ight . 




do 10 1*1 # nof 
10 of < 1>»pf ( 


••• 

• The power Penalty It aooort'oned between the engine and aoter. 

• The enpine fa weed for toop<ng. The aotor supplies all power 

• reoufreoerta below o«ai. 


• •t 

• Find the bln where paaa la located. 


Call it k. i 


d» <pf <2)-pf (1 >>/2. 
do 15 1*1 # npf 

If (aba(pfd) - paas) .le. d) goto la 
15 continue 
'i k«1 


C • use the firat k -1 b • na of f and pf to create fa and ofa. 
C • 

C ••• 

c 

do 20 i*1, k-1 
of a( 1 )«pf < 1 ) 
fad)af(l) 

20 continue 


v 
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ft ft » 


t 
c 

c • 

C * Apportion the kth bln between the ootor and engine. 
C • 


c ••• 
c 

fa<k)«<Cpae*-pf Ck) *0)/ <2*d) )*f (k) 

?e<1 )*t (h)-falk) 

C 

pf»<k>«C0tCk>-d*oata>/2. 
pf t(1 >»of a(k) ♦d-pnax 
C 

C ••• 

c • 

C * Assign the sotor a orobabilitv fiats at pass (simulating 
C * topping.) 

C * 

C ••• 

c 

sua«Q. 

do 23 1«k*1,npf 
*U0*SUS^f(i) 

23 continue 

fa<k*1>«sua*fe<n 
pfa(k+1 )*paax 
C 

c 

c • 

C * Tht powtr requirements above pan art handltd by 

C * 

C *** 

c 

do 30 i«k*1,npf 

frC j)»f (i) 
pf e(j)*pf (O-paax 
30 eontlnut 
C 

C ••• 

c • 

C * Coaouttd below art: 

C • 1. ds/hr before .8 discharge 

C * 2* l /hr before ,8 discharge 

C * 3. I/hr after discharge 

C * 

C 

c 

c 

c • 

C * ds/hr 
C * 

C ••• 

c 

do 35 i*1 # npf 

35 tapCi )»*1rtrD<0f*<*),ps,s,nos> 
call aataul (tao,fa # sbar,1 # npf # 1> 

C 

c ••• 
c * 

C • l/hr before dischsrge • .8 

C • 

C *•* 


D-ll 


th« *n9in« 




c .... 

do 43 1 » 1 ,nof 

4 5 tao( 1 )a* 1 ntrp(of t ( 1 ) ,ol,xl,npl) 
coll aotaul(tee,fe,ilbor # 1 ,nof ,1 ) 
C 


c ••• 
c • 

C * l/hr if ttr discharge*. 3 
C • 

C ••• 

c 

do 50 1«1,ngf 

SO too (1)ax1ntro(of(1)#ol,»l,nol) 
coll ootaul (tao,f ,xlbor2,1 , npf ,1 ) 

C 

c ••• 

w • 

C * ieouest ivfrjgr ie««d. 

C • 

c ••• 
c 

print 1# 'overage speed?' 
rood v 
C 

c ••• 
c • 

C * Coaouto distance until discharge *. 3 
C • 

C *aa 

C 

M.8/sbor 
ddl s*h*v 

C 

c 

C • 

C a Outout: fuel eonsuaotion at distances 0 through 100 km. 

C a Fuel eonsuaotion at ooint of .3 discharge is also listed. 
C a 
C aaa 

c 

x l d 1 s*x Ibor «h 
C 

write (2,3) ddls, xldis 
write (2,4) 
do 55 1*1,10 
d* 1 *1 0 • 

If (d *lt. ddls) then 
f cad/vaxlbor 

else 

fc*x ldisa(d-ddi s) /va*lbar2 
end if 

write (2,6) d, fc 
55 continue 
C 

c lose(un1 t«1 ) 
close(un1t*2) 

C 

C aaa 
C * 

C * Looo to too of prog^aa if user so directs. 

C • 

C *aa 

C 


... ; v % 5 PAGfc ls 
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print 1, • anothtr” run? • 
rtad 7, Ians 

it dans .to. 1 y ) goto 8 
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ADDENDUM TO DESIGN TRADE-OFF 
STUDIES REPORT 


ACCESSORY DRIVE AND ENERGY UTILIZATION 
TRADE-OFF STUDIES 
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The NTHV accessory loads require a significant portion of the 
total power required to propel the vehicle. At low vehicle 
speeds, the accessory power is as much as 40 percent of the total 
power required. Table 1 shows typical accessory demand horse- 
powers for the NTHV. These accessory power demands have adverse 
effects both on the electric topped by diesel range and on the 
diesel fuel consumption rates. These additive effects cause 
dramatic fuel consumption variations, as shown in Figure 1. The 
accessory system tradeoffs were studied by first looking at 
different vehicle power sources, such as the heat engine, motor, 
regenerative braking, and waste heat recovery, to drive the 
accessories. Second, a parallel study covered the accessories 
themselves, namely the reduction in accessory power requirements 
by using controllable built-in power limiting devices, advanced 
air conditioning systems, and variable speed belt drives. 

Table 1. NTHV Accessory Power Requirements At 
Two Different Accessory Driveline Speeds 


Accessory Name 

Power Requirement 
at 1000 RPM (kW) 

Power Requirement 
at 2500 RPM (kW) 

Fan 

0.37 

1.50 

Water pump 

0.15 

1.19 

Power steering pump 

0.37 

1.34 

Alternator 

0.60 

1.27 

Brake vacuum pump 

0.15 

0.75 

Air conditioning compressor 
(average) 

1.50 

3.58 

Transmission pump 

0.15 

1.04 

Total 

3.29 

10.67 
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(Operation* 1 strategy Is electric topped by 
diesel up to the elbow, and diesel -topped 
electric from there on.) 



Figure 1. Effect of Accessory Power 
on NTHV Fuel Consumption 

The different methods of driving the accessories from the avail- 
able energy sources are: 

1. Heat engine with parallel propulsion configuration 
(Figure 2) . 

2. Heat engine with an in-line propulsion configuration 
(Figure 3) . 

3. Operational strategy power output (Figure 4) . 

4. Motor (Figure 5). 

5. Separate accessory motor (Figure 6) or separate engine. 

6. Combined engine cooling and exhaust Rankine cycle 
(Figure 7) . 

7. Exhaust gas turbine accessory compounding (Figure 8) . 

8. Regenerative braking (Figure 9). 

9. Flywheel (Figure 10) . 
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PETROLEUM 



TO WHEELS 


Figure 2. Heat Engine Accessory Drive Concept Using 
Parallel Propulsion Configuration 



TO WHEELS 


Figure 3. Heat Engine Accessory Drive Concept Using 
In-Line Propulsion Configuration 
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ACCESSORIES 


' 



TO WHEELS 


Figure 4. Operational Strategy Power Output 
Accessory Drive Concept 
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Figure 6. Separate Motor Accessory Drive Concept 



TO WHEELS 


Figure 7. Exhaust Rankine Cycle Accessory Drive Concept 
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Figure 8. Exhaust Gas Turbine Accessory 
Compounding Drive Concept 
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TO WHEELS 


Figure 10. Flywheel Accessory Drive Concept 

The accessory drive concepts were evaluated for performance , fuel 
economy improvement potential, cost, near-term availability, reli- 
ability and maintainability. The flywheel concepts have configur- 
ation complexities and high cost for driving the accessories. 
However, the recovery and reuse of braking energy is cost bene- 
ficial in the NTHV design, where the energy is used to charge the 
batteries. This yields a 5.6 percent improvement in fuel economy. 
Separate accessory motor or engine and turbo accessory compounding 
concepts produce no fuel economy improvements, but cause approxi- 
mately a $ 300-increase in the purchase price of the NTHV. 

The combined engine cooling and exhaust Rankine cycle can provide 
a 10 percent improvement in fuel economy for the diesel topped by 
electric mode operational strategy. But this means only 8.5 per- 
cent overall improvement in fuel economy. The variable heat 
engine loads and speeds of the NTHV lower the potential of using 
the exhaust waste energy as an accessory drive, but this variable 
energy source can be used to supplement the battery energy by 
charging (which will be discussed later in this addendum). 
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The recovered vehicle enerqy will come to the batteries both from 
regenerative braking and from waste heat. The two other possi- 
bilities for accessory drive are the engine and the operational 
strategy output — in which the power is taken from the drive- 
line, so either the engine or the motor could drive the accessories. 
A comparison of different operational strategy scenarios for these 
two accessory concepts is given in Table 2. These results are 
obtained for a 50 percent city and a 50 percent highway driving 
combination, and the accessories are driven at constant rpm with 
a variable speed belt drive. The fuel economies show that the 
concept of running the engine all the time to drive the acces- 
sories is more fuel consuming than the operational strategy acces- 
sory drive concept. The fuel consumption versus distance traveled 
behaviors of these two accessory drive concepts are shown in 
Figures 11 and 12. 

Required NTHV Accessories 

The NTHV requires a cooling fan, water pump, power steering pump, 
alternator, brake vacuum pump, transmission pump and air condition- 
ing compressor as accessories. These accessories were studied 
individually in an attempt to reduce their load requirements. 

The air conditioning compressor is the highest power consumer of 
the accessories, and it will be discussed in detail ir. the next 
section. 

The cooling fan is used primarily at low crankshaft rpm. To pre- 
vent excessive power consumption, the fan should be run at 1,000 
rpm, and its operation should be controlled by an on-off clutch, 
depending on the temperatures of the propulsion components. The 
rpm of the fan should be stepped up or down by using a variable 
speed accessory drive. 

The water pump should be powered by the accessory drive system 
because the water pump will be used to circulate the engine 
coolant for heating, even when the NTHV is being driven only by 
the motor. The power requirements of the water pump are almost 
linear with its speed, which should be controlled for the re- 
quired flow rates. 
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Table 2. The Comparison of Different Operational Strategies in Different Missions for the 
Heat Engine Accessory Drive with In-line Propulsion Configuration and for 
the Operational Stragegy Accessory Drive 
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gaged heat engine for accessory drive and constant 
3.7 kW (5 hp) accessories. The engine engages to 
the propulsion system for accelerating the vehicle 

CM6 km/hr and for topping, using the electrical 38 (24) 21 (50) 20 (46) 19 (44) 

motor as the primary drive component. 
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Figure 11. Fuel Consumption Versus Distance Traveled 
Behavior for Two Accessory Drive Concepts, 
1.5 kW Accessory Power (Constant) 



Figure 12. Fuel Consumption Versus Distance Traveled 
Behavior for Two Accessory Drive Concepts 
3.7 kW Accessory Power (Constant) 
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The power steering pump is needed to provide the oil pressure 
for the power steering, which primarily is used at low speeds. 

The power steering pump has a built-in limiting device (a flow 
limiter) to reduce power requirements under no-load conditions. 

The NTHV can operate without an alternator. Present-day alter- 
nators are sized to give adequate output at low rpm. Typically, 
they run at two to three times the crankshaft speed; but the fact 
that the NTHV has an alternate energy source, the batteries, 
gives us the opportunity to use a dc-dc converter instead of an 
alternator. This choice will save approximately 0.6 kW (0.8 hp) 
at low crankshaft rpm. 

The brake vacuum pump is needed for the standard vacuum brake 
booster system of the X-body vehicle. Since neither the diesel 
engine nor the electric motor produce vacuum, the vacuum must be 
produced with a pump. The brakes could also be powered by 
hydraulic boost from the power steering pump, with no effect on 
the performance of the power steering system. Both approaches 
require the same amount of power, but the hydro-boost brake 
system can cope with higher braking pressures. 

The NTHV uses a 3- speed automatic transmission. The transmission 
pump, which is a variable displacement pump, uses 0.15 kW 
(0.2 hp) at low crankshaft rpm. Using a manual transmission would 
be one way of conserving this power loss. 


Air Conditioning 

A vehicle of the size and price class of the NTHV will be expected 
to have an air conditioning system, but the air conditioning com- 
pressor is the highest power consumer of all of the accessories. 

In today's energy conscious public, if a driver were made aware 
of the penalty in fuel economy when the air conditioner is turned 
on, there would be less usage (and more efficient usage) of air 
conditioners. There are several concepts, as shown in Table 3, to 
cool the passenger and battery compartments in an NTHV . 


Table 3. Air Conditioning Concepts Applicable to an NTHV 


Concept Description 


Variable displacement 
Freon compressor system 

Rankine cycle 
turbo-compressor 

Absorption anmonia- 
water 

Air-cycle 


Energy Source 


Heat engine and electric 
motor 

Exhaust waste heat 


Exhaust waste heat or fuel 
burning heater 

Heat engine and electric 
motor 


If these concepts are compared on the basis of performance and 
fuel economy improvement, one finds a firm advantage for the 
operational strategy driven and variable delivery freon com- 
pressor air conditioning system. The exhaust waste recovery 
concepts do not produce sufficient cooling capacity: only 1610 kW 
(6440 Btu/hr) . Absorption air conditioning uses about seven times 
the heat exchanger area that compressor air conditioning uses. 
Varying diesel engine exhaust temperatures (shown in Figure 13) 
and unfavorable idle conditions are problems for the use of 
exhaust waste energy for cooling. The air cycle machines 
produce adequate performance with good cooling capacity, but con- 
sume power and reduce the fuel economy. 

The NTHV should be equipped with a variable delivery air condition- 
ing compressor that exhibits only moderately fast cool down 
capability. With this approach, the average rower requirements 
of the air conditioning compressor can be as low as 1.1 kW 
(1.5 hp) at low crankshaft rpm. 


700 -i 



0 10 20 30 40 

BRAKE HORSEPOWER ( kW) 

Figure 13. Volkswagen Diesel Exhaust Temperature Survey, 
90 cid Naturally Aspirated 


Accessory Drives 

All the accessories are designed to perform adequately at low 
crankshaft rpm. But as the rpm increases, the accessory power 
requirements increase much faster than the added performance. 
Therefore, constant speed accessory drives are a definite advan- 
tage. The fuel economy improvement potential of constant acces- 
sory drives in a NTHV can be as high as 30 percent. The constant 
speed accessory driveshaft can be driven either by a constant 
speed motor or by a variable belt drive. The two drive concepts 
have similar reliabilities, but the variable speed belt drive has 
the strong advantage that either power plant can drive the 
accessories with a speed ratio of up to four-to-one. If one of 
the propulsion drive components fails, the accessories could still 
be driven by the other. 


NTHV Accessory Conclusions 


1. All of the accessories of the NTHV should be driven by the oper 
ational strategy power output using a variable speed drive. The 
variable speed drive should have a controllable step up and step 
down capability. 

2. Each accessory should be studied and tested carefully/ and 
the ones with the lowest power requirements should be used. These 
should be driven through on-off clutches that are controllable 
for intermittent operation, if possible. Accessory drive 
strategies and load matching techniques should be controlled by 

an accessory control function of the auxiliary microprocessor. 

3. The maximum NTHV accessory power requirements at low crank- 
shaft rpm are for the: 


Fan 

0.37 

Water pump 

0.15 

Power steering pump 

1.37 

Brake vacuum pump 

0.15 

Air conditioning 


compressor 

1.11 

Transmission pump 

0.15 


Total 2.30 kW (3.10 hp) 

4. A 2.3 kW (3.1 hp) maximum accessory power requirement for the 
NTHV can be lowered significantly, to about 1.5 kW (2 hp) , by 
computer controlled load matching and operational strategies. 

The Minicars' NTHV with this accessory system will have a fuel 
economy of 35 km/£, (82 mpg) . 


NTHV Heating System Concepts 

The heating system of the NTHV must perform two different 
functions: to heat the battery compartment and to heat the pass- 

enger compartment and defrost the windshield. The heating system 
should be usable in all modes of the NTHV operational strategy. 
Several heating system concepts have been evaluated for fuel 
economy, cost, and reliability. These are 
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1. The engine waste heat to the cooling water is used 
during diesel operation , and batteries are used during 
motor operation. 

2. The engine waste heat to the cooling water is used 
during diesel operation, and a separate petroleum 
burning heater is used all other times. 

3. The engine waste heat to the exhaust is used during 
diesel operation, and a separate petroleum burning 
heater is used all other times. 

4. The engine waste heat to the cooling water is used 
during diesel operation, and the heat stored in the 
cooling water (or in another feasible medium) at 
night during battery charging is used during motor 
operation. If the stored heat is depleted, then the 
engine is started in order to heat the cooling water. 

The engine cooling water is used as an energy carrier at all 
times; the water is driven by the water pump from the accessory 
drive system. The engine cooling water heating system is shown 
in Figure 14. 



I 
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Figure 14. Schematic of the NTHV Heating System 
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If electrical energy is used to heat the cooling water during 
the electric topped by diesel mode, the range for that mode will 
decrease by 45 percent, thereby eliminating that possibility. 

Using a separate petroleum burning heater during the electric— mode 
operation could consume 27 liters of petroleum per year in 0°C 
environment. The fuel burning heater is a cost effective and 
reliable heating system for the NTHV. 

The exhaust waste energy, which is available at an average of 
340°C, is a good heat source for the heating system. But exhaust 
gases also have sufficiently high temperatures and flow rates for 
other types of energy recovery, such as an exhaust turbine/ 
alternator combination to supplement battery charging. The lower 
temperature waste heat source, the engine coolant, can still be 
used effectively in the heating system. 

Storing heat in the NTHV during the nightly charging operation 
can be a feasible way of supplying the heating system for non- 
diesel operation. If the coolant water is used as a heat source, 
105 liters of water is required for heating during motor oper- 
ation. If a light and compact heat storage medium can be designed 
for the NTHV, it would be feasible to use wall plug electricity 
for heating. 

The heating concepts were rated for fuel economy improvement, 
cost, weight, and complexity. The fourth concept was found to be 
the best, except for cold climates, when a combustion heater 
should be used during motor operation. 


NTHV for Cold Climates 


There is always the question of whether there should be a different 
NTHV design for cold climates. The cold-weather problems of an 
NTHV are the following: 

1. The battery system will lose 60 percent of its capacity 
if the battery temperature drops to -20°C. 

2. The diesel engine has poor cold-weather starting 
capability at -30°C. The diesel engine will consume 
0.032 liters more fuel for each cold start. 

3. Diesel engine topping will require preheating the engine, 
or the topping power won't be available in one to two 
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seconds, when it is needed. This will consume 23 liters 
more fuel a year in a 0°C winter environment. 

4. The passenger compartment will need more heating. 

There are several design approaches to remedy these cold-weather 
problems: the battery and powertrain compartments can be well 

insulated for cold-weather operation; the batteries and the 
powertrain can be heated during the nightly battery recharging 
process for a warm start in the morning; also, the heating require- 
ments of the passenger compartment can be reduced by 31 percent 
with an airtight and well insulated interior design. The cost 
effective solutions are the battery and powertrain insulation, 
the nightly heating of the batteries and the engine, and, of 
course, a combustion heater for motor operation in the cold climates. 


Waste Energy Recovery in an NTHV 

The deceleration energy and waste heat can be used to improve the 
fuel economy of an NTHV. The deceleration energy is available 
in an intermittent manner. The exhaust waste energy is available 
at high temperature and varies considerably with engine 
speeds and loads. These waste energies are best utilized to re- 
charge the traction batteries. The waste energy in the engine 
cooling water is available at low temperatures, which are 
appropriate for heating. 

The recovery and reuse of deceleration energy, i.e., regenerative 
braking, is discussed in detail in the Preliminary Design Data 
Package and in the main text of the Trade-Off Studies. Our over- 
all findings rate regenerative braking energy recovery as cost 
effective; the improvement in petroleum economy is 5.6 percent. 

The exhaust gases are available at an average temperature of 340°C 
and an average mass flow rate of 110 kg/hr. There are several 
potential methods of regaining this waste energy, but only three 
seem to merit consideration: a Rankine bottoming cycle, a turbo- 

compound diesel, and an exhaust turbine. 

The Rankine bottoming cycle is difficult to implement into an 
NTHV because of the component size and complexity. The turbo- 
compound system geared to the crankshaft cannot provide major 
gains in engine efficiency because of the large variations in 
engine speed and load. 


jk 
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In the diesel-electric hybrid, there is a more promising way to 
utilize the exhaust waste energy. A turbine driven generator 
can return the recovered waste energy to the traction batteries. 
The recovered energy can be stored in the batteries and used for 
electric topping in the diesel operating mode, and, when enough 
energy is stored, the vehicle can revert to the electric driving 
mode with diesel topping. Figure 15 shows a possible system for 
energy recovery through a turbine driven generator. 



Figure 15. Exhaust Waste Energy Recovery in an NTHV 
Using a Turbine Driven Generator System 


The extensive usage of turbochargers in vehicles has caused the 
cost of small turbines to decrease sufficiently that a turbine 
driven generator can be cost effective in the near term. In the 
highway driving cycle, the exhaust waste energy is over 9 kW/hr. 
The recovery efficiency of this energy using a turbine driven 
generator is 30 percent. The range of the electric topped by 
diesel mode increases by 16 percent, resulting in an overall 
12 percent improvement in petroleum economy. 
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Different Hybrid Configurations and Operational Strategies 


The hybrid's fuel economy improvement depends strongly on its 
propulsion system configuration and operational strategy. Several 
different hybrid configurations with different operational stra- 
tegies were studied; the results of these studies are presented 
in Table 2 above. 

The Reference ICE vehicle is expected to have a fuel economy of 
11 km/1 (27 mpg) in 1985. This vehicle consumes 1705 liters of 
fuel per annum. An X-body with a turbocharged diesel engine, on 
the other hand, would have a fuel economy of 17 km/1 (40 mpg) 
and consumes 1103 liters of fuel per annum. These two Reference 
ICE vehicles are listed in Table 2 (Items 1 and 2) for comparison 
to the NTHV configurations. 

The highest fuel economy for an NHTV is achieved with a parallel 
propulsion system and no accessories (Item 3) . For a 50/50 percent 
split of FUDC and FHDC, the proposed NTHV would have a 47 km/1 
(111 mpg) fuel economy and consume 399 liters of fuel per annum. 
Therefore, the proposed NTHV design can better the fuel consump- 
tion of the Reference ICE vehicle by, at most, 77 percent. 

When the accessories are added in, the proposed parallel configu- 
ration experiences a significant reduction in fuel economy. Even 
if the accessories are run at constant speed, a 1.5 kW accessory 
load degrades the fuel economy to 35 km/1 (82 mpg) and a 3.7 kW 
accessory load to 26 km/1 (62 mpg) . In these configurations 
(Items 4 and 5 in Table 2) , the accessories are run from the 
operational strategy output (that is, the accessory load is 
added to the road load and the total load is powered by the motor, 
the engine, or by both) . 

A simpler NTHV configuration is the in-line configuration, in 
which the propulsion components are in series (Items 6, 7 and 8). 
Running the engine all the time lowers the fuel economy to 19 km/2, 
(46 mpg) . The application of different torque limiting factors to 
the engine varies the fuel economy by about 10 percent. In the 
in-line hybrid configuration, the engine torque requirements can 
be lowered to accommodate only the accessories, the 0-*16 km/hr 
vehicle accelerations, and the toppings, when the motor is the 
primary drive component. This scenario does not improve the fuel 
economy. These are Items 9 and 10 in Table 2. 
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The fuel economy of the in-line configuration is improved by the 
engine disengagement capability. In the electric only mode the 
engine is disengaged from the rest of the propulsion system to 
power the accessories at 1,000 rpm. For accelerating the vehicle 
from 0 to 16 km/hr (18 times in FUDC) and for topping the motor, 
the engine is engaged to the propulsion system. This configura- 
tion (Items 11 and 12) improves the NTHV fuel economy to 25 km /l 
(59 mpg) . 

An NTHV propulsion configuration similar to the parallel propul- 
sion configuration is the in-line propulsion configuration in 
which the engine can be engaged or disengaged from the rest of 
the propulsion system, depending upon the operational strategy. 
The electric motor is always in-line with the propulsion system 
and the accessories are driven by the driveshaft of the propul- 
sion system through a variable speed belt at 1,000 rpm (Item 13). 
This propulsion system exhibits as good fuel economy as the 
parallel NTHV propulsion configuration, 34 km/i (80 mpg). 

In summary. Item 4, the parallel NTHV configuration, and Item 13, 
the in-line NTHV configuration with engine disengagement capa- 
bility exhibit similar fuel economies (both having operational 
strategy accessory drives). Consumer acceptance, the complexity 
of design, and the risk of design implementation should be the 
deciding factors in making a choice between the two configura- 
tions. 
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